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PREFACE OF THE DRAFT ANNUAL REPORT ON LIQUID FUELS FROM LIGNIN 

This task was initiated on March 15, 1985 to assess the conversion of lignins 

into liquid fuels, primarily of lignins relevant to biomass-to-ethanol 

conversion .processes. The task was composed of a literature review of this 

area and an experimental part to obtain pertinent data on the conversion of 

lignins germane to biomass-to-ethanol conversion processes. We engaged the 

advice of Dr. David Goheen, who worked at Crown Zellerbach Corp. and was 

heavily involved with their development of a phenols from lignins process, and 

is now with E. Seidell Associates, Inc. Dr. Goheen helped us review the 

literature of the area and provided extremely helpful suggestions 'for the 

experimental work, which started in late April of 1985.· In order to qui ckly 

set-up experiments and start to assess the area, we engaged the cooperation of 

Professors Robert Baldwin and Scott Cowley' from Colorado School of Mines. 

Much of the lignin hydrodeoxygenation reported here was performed by SERI 

staff at Colorado School of Mines. The bulk of the analytical work was 

carried out at the SERI laboratori es. The cooperation of Dr. Cowley, an 

expert in heterogeneous catalysis, included a course on this subject, tailored 

to deoxygenation reactions and the areas of relevance to our work; and 

discussions on mechanisms and general guidance. Dr. Baldwin, an expert 

chemical engineer, with considerable experience in coal proceSSing, helped us 

to obtain the first measurements and redesign his equipment, such that we 

could perform experiments sweeping volatile products as they were formed in 

the reactor, and thus avoiding excessive condensation reactions. We believe 

that this approach was very cost-effective and benefited from the experience 

of three independent researchers, with expertise in various fields necessary 

to this research. The experimental work reported here has been carried out in 

less than six months, and it is, therefore, preliminary. During this time, we 

evaluated reactors and analytical methodology. We also prepared the present 

draft report, with partial input from our coworkers. 

At this 

Baldwin. 

point, the report will be reviewed by Drs. Goheen, Cowley, and 

After these reviews, it will be peer reviewed. We'll select a 

number of researchers in the field and solicit their input and suggestions. 

Among the peer reviewers, Professor K. V. Sarkanen, (Uni versi ty of 

Washington), Dr. John Hyatt (Eastman, Chemical Division), and Professor I. S. 

Goldstein (University of North Carolina) will be asked to review this document 
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prior to its more general distribution. The report will also be reviewed by 

SERI management and the U.S. Department of Energy program monitor, Mr. Richard 

Moorer. 

We hope this document will be useful to the research community and to the U.S. 

Department of Energy in assessing the role of lignins coproduced with ethanol, 

or other fuels, in the biomass-to-fuels scenario. 

Helena Li Chum· 

January 30, 1986 
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SECTION 1.0 

EXECUTIVE SUMMARY 

DRAFT 

Will be prepared with input from the outside coworkers and reviewers t·o be 

included in the final report. 

See Section III.5 for a Summary and Recommendations for future R&D. 
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SECTION II. 0 

INTRODUCTION 

DRAFT 

Over the past eighty years lignin researchers have focused their attention on 

the production of phenolic compounds from lignins. In addition to thi s syn­

thetic goal, the elucidation of the structure oflignins was the driving force 

for much of the work carried out throughout these years. Whereas the elucida­

tion of the composition and structlli~e of lignin materials through degradative 

routes was more successful, the production of useful phenolics from waste 

lignins has not achieved commercial practice. One major reason for the lack 

o~a viable commercial process has been the fact that lignin processing yields 

a complex mixture of products. Product separation costs are high and contri­

bute to the difficulty of designing an economic process based on one or a few 

products. In addition, the cost of petroleum-derived phenol, the major envi­

sioned competi ti ve product throughout this research, went down from about 

$0.20/1b in the 1950s to $0.08/1b in the 1970s and is now about $0.35/1b. The 

first pri ce decrease was due to. the introduction of new syntheti c phenol 

capacity through the cumene process. The subsequent price increase was due to 

the increase in petroleum costs and shortages which followed the oil 

embargo. Now, in the mid 1980s, the price of petroleum has decreased 

substantially because of free market forces, conservation and a slow down in 

world economic activity. However, petroleum is a depletable resource, 

decreasing at a finite rate. Replacements of fuels derived from pecroleum, 

primarily the liquid fuels employed in transportation, which account for about 

one ..... quarter of the use of petroleum today in the U.S. A., are needed for the 

future. Biomass is a renewable resource which can contribute to the liquid 

fuels pool. 

This report addresses the desirability of conversion of the lignin fraction of 

biomass into a mixture of compounds that are higher value octane enhancers and 

fuel addi ti ves. It makes use of the mixture of phenolics generated in the 

conversion of lignin into phenolic compounds, and transforms them into a 

mixture of methyl ethers, which are sui table non-metallic octane enhancers, 

similar in properties to benzene, toluene, and xylene. Similar mixtures of 

ethers from· coal liquids have been successfully tested with gasoline 

(Singerman 1980). These octane enhancers are fully compatible with gasoline. 

This report addresses the first stage - the production of lOW-Molecular-weight 
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phenolic compounds, precursors of liquid fuels. 

The economics of biomass-to-ethanol conversion processes can profit from the 

utilization of the lignin fracti on for a higher value application than just 

furnishing process heat. In cooperation with Virginia Polytechnic Institute 

and State Uni versi ty researchers, "The EconomLc Contribution of Lignins to 

Ethanol Production from Biomass", has been assessed (Chum et al. 1 985a). 

Markets for use of the lignin polymers and derived fuels have been identified 

and projections of intensity of demand were mad.e for the year 2000 for various 

applications. The report showed that if fuel alcohol production in the bil­

lions of gallons scale was aChieved in the futw"'e, ·lignin markets would not be 

saturated provided several polymeric applications were developed or that the 

conversion of lignins into liquid fuels was successfully achieved. 

The coproduct credit can be calculated as follows: 

N 
coproduct credit = I (wt lignin/wt ethanol) x (lignin market value) 

i 
x (alcohol density) 

The coproduct credit is given in $/gallon of ethanol; wt lignin/wt ethanol 

represents the lignin recovery factor; the alcohol density is 6.6 lb/gallon. 

The symbol i represents· the different lignin-deri ved products produced. In 

general, 7-10 Ib of lignin can be coproduced with one gallon of alcohol. The 

economic impact can be felt even if only a fraction of the lignin was con­

verted into higher value products. Figure 2-1 displays the coproduct credit 

·as a function of the lignin value. The largest market for lignin-derived pro­

ducts is, in fact, the liquid transportation fuels. This report assesses one 

of the possi ble routes to convert lignins into hi gher value octane enhancers 

which can be used in lieu of benzene, toluene, and xylene. Contrary to 

ethanol or methanol usage, these enhancers would not increase the gasoline 

vapor pressure appreciably. They would allow the use of n-butane and light 

isoparaffins without adding appreciably to the vapor pressure of the resulting 

gasoline (see Section II.3). 

II.l LIGNINS AND THEIR PREPARATION 

Wood and its processing wastes represent a maj or source of renewable feed­

stocks for the production of fuels. Wood has a complex structure composed 

primarily of three interpenetrating biopolymers--cellulose, hemicelluloses 

(the carbohydrates), and lignin (the amorphous polyarOlllatic matrix around the 
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cellulosic fibers). Table 2-1 compares the composition of wood species with 

that of other forms of biomass, such as agricultural residues. Lignins are 

very abundant biopolymers, second only in availability to the natural 

polysaccharides. The separation of lignins from biomass is not a straight­

forward process; the isolation of lignin is generally integrated with the pro­

duction of cellulosic fibers (Sarkanen 1979). Ex~ples of the commercial pro­

cesses that produce technical lignins are listed in Table 2-2 together with 

the most common preparations of lignins for structural determination investi­

gations. The potential availability of industrial lignins produced by all 

these processes, but primarily by the kraft process in the United States, is 

very large.· About 20 million tons of kraft lignins are used annually, almost 

exclusively as a fuel in recovery boilers. Lignosulfonates are produced at a 

much smaller scale, and are sold today primarily as inexpensive surfactants. 

The 1984 market of lignosulfonates and sulfonated kraft lignins was about 1 

billion lb [see Chum et ale 1985a and references therein; Lin 1983J. 

Addi tional sources of lignins as co-products of biomass conversion processes 

may become available in the future, primarily -if wood-to-ethanol processes are 

commercialized. Wood saccharification is practiced today ·on an industrial 

scale in the Soviet Union (Bungay 1981) • The acid hydrolysis process yields a 

solid lignin byproduct. Table 2-2 presents examples of such lignins. The 

large lignin residue from wood saccharification plants in the USSR has been 

the driving force for the numerous research and deve~opment activities trying 

to convert these residues into more useful polymers of low-molecular-weight or 

into chemicals. Thus far, a viable commercial process has not emerged. 

There is renewed interest in wood acid hydrolysis processes to produce high 

concentration sugar solutions for subsequent fermentation to ethanol. Both 

concentrated and dilute acid approaches are under investigation. These pro­

cesses would produce solid lignins as residue. With the probable exception of 

those produced by hydrolysis with superconcentrated hydrochloric acid, the 

bulk of these acid hydrolysis lignins will be of high molecular weight and 

heavily condensed. 

A different strategy can be employed, which does not use acids as hydrolysis 

catalysts for depolymerization of cellulose. [Acids catalyze the degradation 

reactions of carbohydrates into furfural deri vati ves and mixtures of carboxy­

lic acids, and thus reduce the ultimate yields of fermentable sugars. J This 
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Table 2-1 Composition of Various Types of Biomass (% dry weight)* 

Material Cellulose Herni cell uloses Pentosan Lignin Extracti ves 

Temperate hardwoods a 43-45 23-35 12-24 16-24 2-8 

Softwoodsa 41-43 24-33 8-14 24-33 1-7 

Grassesb 25-40 25-50 25-29 10-30 

Corn cobs 41 36 6 14 

Corn stalks 29 28 3 

Wheat straw 40 29 14 

BagasseC 37 ( 29) 29 21 4.0 

*Adapted from Goldstein (1981), Chum et ale (1985a) 

aNormal wood; the not-normal reaction wood for softwoods (compression wood) 
will have higher content of lignin and lower content of cellulose; for 
hardwoods tension wood will have higher contents of cellulose and lower 
content of lignin. 

blncludes palms, bamboo., etc. 

cAsh content 3%. 
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approach employs the enzymatic hydrolysis of the polysaccharides to ferment­

able sugars. This strategy requires that the biomass structure, and thus the 

carbohydrates, be made accessible to enzymes. Steam explosion·of hardwoods or 

of agricultural residues can make the cellulosic structure accessible to 

enzymes [Iotech Corp., Ltd. 1980 and 1982, Chum. et ale 1985b, and references 

thereinJ. Lignins can be isolated by dissolution (or extraction) from the 

exploded material by bases or other sol vents. Table 2-2 lists some common 

preparations of these materials. 

Another approach consists of simultaneously hydrolyzing and dissolving the 

lignin in an aqueous alcoholic medium in the temperature range of 180°-210°C 

or at lower temperatures (140°-160°C) in the presence of catalysts. This 

method of delignification is commonly called the organosolv pulping process 

and it has been reviewed by Sarkanen (1980). Table 2-2 also lists organosolv 

ligriin preparations. Both steam explosion and organosolv delignification 

processes produce soluble I ow-mol ecul ar-wei ght lignin feedstocks. A 

comparison between organosolv lignins and steam exploded materials has been 

made on the basis of their chemical composition and molecular weight 

distribution (Chum et ale 1985c,d). 

Thus, a variety of lignin products will be available for potential use as a 

chemical feedstock or as a source of heat, the lowest value application possi­

ble (-2¢/lb compared to coal, based on 11,300 BTU/dry lb higher heating 

value). The isolation costs of the lignins from biomass-to-ethanol processes 

are smaller than those from conventional kraft pulping because of the absence 

of large amounts of pulping chemicals that need to be recovered. Estimates of 

marginal costs to recover these lignins are -1-2¢/lb, depending on the pro­

cess. It should be noted that lignins produced from different biomass sources 

(softwoods, hardwoods, bagasse, and straw) and by different processes will 

vary extensively in terms of chemical structure and molecular weight. Those 

produced by enzymatic hydrolysis (see Table 2-2, e.g. cellulolytic enzyme 

lignin) may differ little from the original plant lignins. Next, the milled· 

wood lignin samples will not have been modified to a significant extent by 

reactions between the lignins and the sol vents employed in their 

preparation. Lignins from acid-catalyzed saccharification processes will be 

more extensively modified by condensation reactions (except probably for 

concentrated HCi). Lignosulfonates are of high molecular weight (-25,000) but 
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Table 2-2. Lignin Isolation Methods and Resulting Preparations. 

Remark 

Technical pulping 
processes 

Acid hydrolysis of 
polysacchari des 

Oxidation of 
polysacchari des 

Hydrolysis/dissolution 
of polysaccharides 

Steam exposion 
(hydrolysis of 
polysaccharides and of 
lignins with steam 
followed by solvent 
extraction) 

No appreciable 
reactions between 
lignin and solvent. 
(Treatment of wood) 

Hydrolysis of lignins 
(reactions between 
lignin and solvent) 

Treatment Preparation 

Lignin isolated as derivatives by inorganic reagents 
sulfite/bisulfite 
NaOH 
Na2SINaHS 
NaOHINa2S 

Lignin ·sulfonates (lignosulfonates) 
Alkali lignin (soda lignin) 
Thiolignin 
Kraft lignin (sulfate lignin) 

Lignin as solid residue 

NaOH/H SOll / 
Cu( NH3Tll (OH) 2 

Sulfuric acid lignin (Klason lignin) 
Hydrochloric acid lignin (Willstatter 
lignin) 

Hydrofluoric acid lignin 

Periodate lignin (Purves lignin) 

Cuoxam lignin, cuproxam lignin, 
cuprammonium lignin (Freudenberg 
lignin) 

Lignin by dissolution or extraction 
NaOH 
Alcohol:Water 

Dioxane:Water 

Alkaline-extracted steam-exploded lignin 
Methanol-(or ethanol)-extracted steam­
exploded lignin 
Dioxane-extracted steam-exploded lignin 

Alcohol extraction Native lignin (Brauns lignin) 

Vibratory milling 
dioxane-water 
extraction 

Brown-rot fungi 
treatment 

Milling/enzymatic 
treatment/solvent 
extraction 

Organosol v lignins 

Milled wood lignin (MWL) 
Bjorkman lignin 

Enzymically liberated 
lignin (ELL) 

Cellulolytic enzyme 
lignin (CEL) 

Alcohol/HC! Alcohol lignin 

Dioxane/He! Dioxane acidolysis lignin 

Phenol/HC! Phenol lignin 

Adapted from Fengel and Wegener, 1984. 
See: Rydholm 1965, Brauns and Brauns 1952, Browning 1967, Sjostrom 1981, Lai and 

Sarkanen 1971. 
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only a small fraction (-20%) of the aromatic rings carry a free phenolic 

hydroxyl group. Hardwood kraft, organosol v, and steam exploded lignins have a 

low average molecular weight (~5000) and the content of free phenolic hydroxyl 

groups is high (near 0.7 phenolic units per aromatic structure for hardwoods), 

particularly in kraft lignins. 

11.2 METHODS OF CONVERSION OF LIGNINS INTO LO'W-K>LECULAR-WIGHT PHENOLIC 
COMPOUNDS 

Several methods have been used for lignin conv~rsion into low-molecular-weight 

compounds. These methods are: 

Destructi ve . distillation at atmospheri c or reduced pressure in air or 

redUCing atmosphere to produce a mixt~-e of gaseous and liquid products; 

2. Pyrolysis of lignins under various conditions to produce a mixture of 

gaseous and liquid products, which contain phenolic compounds; 

3. Fusion with salts or alkalies to yield phenolic acids and catechol; 

4. Hydrotreating with a variety of catalysts, temperature ranges, hydrogen 

pressures, and reaction media to produce phenol, cresols' and substituted 

mononuclear phenols; 

5. Hydrolysis under acid, alkaline or neutral conditions to yield various 

types of phenolic compounds; 

6. Oxidative degradation to vanillin, syringaldehyde and other compounds, and 

reductive degradation to low-molecular-weight phenols; and 

7. Enzymati c degradation to mixtures of phenolic compounds. 

Whereas the first six methods mentioned have been carried out on a preparative 

scale, the enzymati c processes have not been reported under those conditions 

and therefore will not be reported here. Reviews of these methods (all or 

partial) have been made by Chudakov (1968), Coughlin et al. (1984), Fischer 

(1980), Goheen (1971), Goldstein (1975), Hrutfiord (1971), Kringstad (1980),· 

Osuskii and Kubin (1965), Sarkanen (1979), Schweers (1971) Seidel (1967), 

Soltes (1983), and Wienhaus et ale (1976). 

Table 2-3 assembles selected references for the production of phenols from 

lignin using examples of the first six methods mentioned above. It contains 

some information on yields and qualitative composition. The more quantitative 

composi tion of the products will be given in Section III for the various 

hydrotreating and pyrolytic processes described in detail in that Section. 

From the data of Table 2-3, the yields of soluble products from lignin range 
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Table 2-3. Summary or Methods for Production or Low Molecular Weight 
Compounds from Lignins - continuation 

Reference Lignin Type 

Soluble 
Tars 
~ 

Phenols 
~ 

Neutral 
Oils 
~ 

Hydrolysis Under Acid, Alkaline or Neutral Conditions 

Clark, Green 1968 

Enkist et al. 1962 

Kirshbaums, Domburga 1970 

Tegai et ale 

Zarubin, Tishchenko 1959 

Rererence 

Fisher, et al. 1951 

Freudenberg, Lautsch 1939 

Leger, Hibbert 1938 

Leopold 1952 

Monsanto Chemical Co. 1953 

Pearl 1942 

Pearl 1944 

Pearl 1949 

Pearl 1950 

Schul tz 1 940 

Indulin AT 

Kraft 

Alkali (aspen) 

Lignin/ 
supercri tical 
isopropanol 

Hydrolytic 
lignin 

Lignin Type 

70 

50 

90 

108 

Phenols 
~ 

Oxidative Degradation 

Lignosulfonates 6-8d 

Spent sulfite 12d 
liquor 

Lignofulfonate 7d 

Spruce wood 27d 
lignin 

Spent sulfite 10d 
liquor 

Lignosulfonate 22d 

Lignin sulfonates 23d 

Lignosulfonate 28e 

Lignin sulfonates 22d 

Spent sulfite 20d 
liquor 

15 

20 

Oxidizing 
Agent, Base 

02' lime 

none, NaOH 

ni tro benzene, 
NaOH 

CuS04' NaOH 

Ag2O, NaOH 



Table 2-3. Summary of Methods for Production of Low Molecular Weight 
Compounds from Lignins - continuation 

Reference 

Sorensen, Mehlum 1956 

Tomlinson, Hibbert 1936 

Shorygina, et ale 1949 

Phenols 
Lignin Type ~ 

Oxidative Degradation continued 

Lignosulfonate 

Lignosulfonates 

Oxidizing 
Agent, Base 

Reductive Degradation eRa in Liquid RB3) 

cuprammoni um 
lignin 

16 

21 
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from 10-100% of the starting material. The higher yields of phenolic 

compounds are usually associated with the hydrotreating processes and 

pyrolysis. In general, the yield of single products in the mixture is low. 

The Hydrocarbon Research, Inc. (HRI) process described in detail in Section 

III. 3. 3., combines hydrocracking with hydrodealkylatlon and could produce 24.4 

wt % phenol, 13.1 wt % benzene~ 22.5 wt % light hydrocabons (mostly gas), and 

22.0 wt % heavy liquid used to provide process heat. The first step of that 

process produces a mixture of phenolic compounds. Detailed composi tion of 

this fraction is gi ven in Table 3-18. In view of the higher yields of the 

hydrotreating processes, and of selected pyrolysis routes, the bulk of the 

report will deal wi th these processes. Fast pyrolysis, coupled with low 

pressures and short residence times, is another potential route to make 

phenolic compounds (Evans et ale 1986). 

The production of low-molecular-weight chemicals from lignin involves the 

breaking of carbon-oxygen and carbon-carbon bonds which ar.e common linkages of 

the lignin macromolecule. Such reducti ve cleavages are endothermic 

processes. It is common to allow the endothermic cleavage to occur in an 

atmosphere of hydrogen such that after cleavage, the fragments can react with 

hydrogen; the bond making with hydrogen will release energy. If reacti ve 

reactants such as hydrogen are not provided, secondary. reactions, such as 

radical recombination (the main competing reaction even in the presence of 

hydrogen) reactions, will lead to the formation of higher molecular weight 

compounds (chars, heavy tars). Overhydrogenation (perhydrogenation) can occur 

in the presence of hydrogen and catalysts, leading to the formation of neutral 

compounds, such as cyclohexane and deri vati ves, thus destroying the aromati c 

rings and consuming too much hydrogen. To achieve the best yield of phenolic 

compounds, while minimizing the yield of the neutral fraction, with the 

minimum consumption of hydrogen is one of the goals of the R&D acti vi ties 

described in Section IV. 

II.3 SUMMARY OF PETROLEUM PROCESSING TECHNOLOGY TERMINOLOGY 

The terminology used in petroleum processing (also applicable to coal) will be 

briefly reviewed because of its relevance to lignin processing. A summary of 

the common· types of heterogeneous catalysts, their chemical class, their 

function in the various processes, and selected examples are given in Table 

2-4. References to detailed discussions are Bond (1974), Cowley (1985), Gates. 
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Table 2-4. Examples o-r common types o-r heterogeneous catalysts, their 
chemical class, their function and selected examples. (Adapted from Cowley, 
1985) 

Class 

Metals 

Acids 

Metal Sulfides 

Metal Oxides 

Metal Oxides 

F1.ID.ction 

Hydrogenation 
Dehydr ogenat i on 
Hydrogenolysis 

Polymerization 
Isomerization 
Cracking 
Alkylation 
Dealkylation 

HDO, HDS, HDNa 

Hydrotreating 

Oxidation 
Dehydrogenati on 

Dehydration 

. Exampl es 

Fe, Co, Ni 
Pt, Pd, II" 

H3P04 
H2S04 
Silica-Alumina 
Zeolites 

NiO, ZnO 
Mo03 

A1203 
Si02 

a HDO = hydrodeoxygenation, HDS hydrodesulfurization, and HDN 
hydrodenitrogenation. 
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et ale (1979), Emmett (1965), Pines (1981), and Satterfield (1980). 

The term hydrogenation is nonspecific, but it often refers to saturation of 

multiple (double or triple) bonds or saturation of aromatic entities. In 

processes carried out at higher temperatures, significant cleavage of carbon­

carbon bonds can occur with subsequent reaction of the fragments with 

hydrogen. The term hydrogenolysis implies the cleavage 01' C-C and C-O bonds 

in the presence of hydrogen. It is used whether metallic catalysts (usually 

unsupported) are present or not. Common types of catalysts are Fe, Co, and 

Ni. 

The metallic catalyst can be suppc~ted on a material that contains acid sites, 

such as silica-alumina, that can carry out cracking reactions. The term 

hydrocracking is then used to indicate that the reactions with hydrogen are 

carried out on a catalyst that contains both metallic and acid sites. 

Metal sulfides are often employed as catalysts for the removal of oxygen, 

nitrogen, or sulfur in processes known as hydrodeoxygenation (HDO) , 

hydrodeni trogenation (HDN) , and hydrodesulfurization (HDS). These catalysts 

provide a much milder treatment than metallic catalysts, and do not lead to 

excessive saturation of multiple bonds (perhydrogenation). 

Catalytic reforming is another important process in the petroleum industry. 

It involves various reactions such as dehydrogenation and isomerization plus 

some hydrocracking. 

The term hydrotreating (hydroprocessing) is used in a general way to include a 

variety of catalytic hydrogenation processes used in fuels refining and for 

the purification of products such as industrial solvents. The term can refer 

to producing a final product (e.g. special oils or lubricants) or to improve 

the quality of a feedstock stream for further processing. 

We will use the term hydrotreating (hydroprocessing) in this report in general 

to indicate a process producing an intermediate feedstock for further 

processing. Whenever the processes utilized are well defined in terms of 

catalysts or processes, the appropriate name will be used. 

In addition to these catalysts and processes which involve hydrogen reactions, 

other important processes in the petroleum industry that involve heterogeneous 

catalysts are polymerization, isomerization, cracking, and alkylation. Table 

2-~ gives examples of catalysts employed in some of these processes. For the 
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chemical industry in general other catalysts are also important such as metal 

oxides on which dehydration reactions can occur (e.g. the synthesis of 

ethers), oxidation and dehydrogenation. 

Heterogeneous catalysts are often employed because, among other advantages, it 

is easy to separate the reaction products from "reactants. The catalysts can 

be made stable at th€ temperatures of operation, and are inexpensive. 

Unfortunately, some disadvantages of heterogeneous processes include less 

selectivity than, ·for instance, the corresponding homogeneous catalysts, and a 

very complex chemistry. Often catalysts are developed by trial and error. 

However, the powerful experimental techniques available today, and increased 

knowledge of the field of heterogeneous catalysis ,make the selection or 

design of catalysts a much simpler task. 

Also of. interest to this report are thermal processes, carried out in the 

absence of hydrogen, referred to as pyrolysis, thermal cracking or 

thermolysis. An additional process of interest to this report is steam 

reforming. It is somewhat of a misnomer since it refers to a catalytic 

reaction on supported nickel (for example). For instance, while steam 

cracking and catalytic cracking which are not catalyzed processes, steam 

reforming converts naphtha to substitute natural gas, town gas, synthesis gas 

or hydrogen. 

Many of these catalytic and non-catalytic processes are commonly employed in 

the petroleum industry. Scheme 2-1 shows an example of the catalyti c refining 

pi ct ure for a crude oil (Wyoming sour). The refining scenarios will vary from 

one refiner to another. The representative fractions from petroleum 

distillation are assembled in Table 2-5. Usually, gasoline is blended from 

streams from several sources in the refinery, including portions of the 

products of suitable volatility from catalytic cracking, catalytic reforming, 

hydrocracking, alkylation and straight run gasoline. In addi tion, light 

isoparaffins and n-butane may be added in amounts that vary according to the 

season. 

Aromatic compounds such as benzene, xylene and toluene (BTX) have among the 

highest octane numbers. They are produced primarily by the catalytic 

reforming (dehydrogenation) of naphthenes. Typical aromatic composition is 

benzene (10%), toluene (47%), xylenes (32%), other aromatics (e.g. 

ethylbenzene) 11 %. The lignin-derived compounds, primarily the methyl aryl 
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~ CRUDE OIL 
(Wyoml ng Sour) 

CS-220o F 

400-S000F 

SOO-6S00F 

600-10000 F _ 

vacuum dlstil. 

-[ 

SATURATES ----l.... BUTANE 

GASES 
OLEFINS __ ~(~b~ut~e~n~e~s~) _______________________________ ~ 

... 

STRAIGHT 
RUN GASOLINE 

.. ISOMERIZED STRAIGHT 
RUN GASOLItm 

(Octane No.=1S-80) 

HEAVY STRAIGHT 
RUN GASOLINE 
(Octane No.= 

55-60) 

KEROSENE 

DISTILLATE 

GAS OIL 
(atmospheric) 

hy drotreatlng 

o-Mo/A1203 
1500 psi 

REFORMER FEED refOrmIng .. ~EFORMATE 
GASOLINE C 

, 

350°C 

1 

Pt/A120
3 

300-500 psi 
500°C 

ALKYLATE GASOLINE 

(Octane No. - 98 
Leaded) 

(.Octane No.al00) 

oleflns 
(butenes) 

CAT. NAPHTHA (Oct. No. -
88-92 Leaded) 

catalytic 
crackIng 

S111ca­
Alumina 

VACUUM _ GAS OIL hydrotreatlng HYDROTREATED 
GAS OIL GAS OIL BLEND 

RESIDUUM 



Table 2-5. Representative fractions frOOl distillation of petroleum. (from 
Satterfield, 1980) 

Fraction 

1. Gas 

2. Straight-run 
gasoline 

3. Virgin naphtha 
(light distillate) 

4. Heavy naphtha 
(kerosene) 

5. Light gas oil 

6. Gas oil (heavy 
distillate) 

7. Atmospheri c 
residual 

8. Vacuum residual 

Component range 
and/or boiling. 
point range, 
°C(OF) 

150 (300) 
(C5) 

120-200 (250-400) 
(Up to -C15) 

200-310 (400-600) 
(Up to -C20) 

-350 (650) 
(Up to -C25 ) 

-350+( 650+) 

-560+(1050+) 
equivalent boiling 
point 
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Use 

~urned as fuel. Ethane may be 
thermally cracked to produce 
ethylene. Propane or a mixture 
of propane and butane may be 
sold as liquified petroleum gas 
(LPG). 

Blended into gasoline. 

Used as a feed for catalytic 
reforming or blended into 
gasoline. 

Jet fuel, kerosene. 

Used as No. 2 distillate fuel 
oil, or blending stock for jet 
fuel and/or diesel fuel. 

Used as a feed to catalytic 
cracker or sold as heavy fuel 
oil. 

Various uses. May be distilled 
under vacuum to produce vacuum­
gas oil, coked, or burned as 
fuel •. 
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ethers we are investigating, could enter the gasoline blending system by 

replacing the high octane number aromatic fraction. 
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SECTION 111.0 

LIGNIN CONVERSION TO LOW MOLECULAR WEIGHT COMPOUNDS - LIQUID FUELS AND 

FUEL PRECURSORS 

by 

H. L. ChlDD, D. K. Johnson, S. Black, K. Ratcliff 
Solar Energy Research Insti tute 

1617 Cole Boulevard 
Golden, CO 80401 

and 

D. W. Goheen 
E. Seidel Associates, Inc. 

5545 East Evergreen Boulevard 
Vancouver, WA 98661 

111.1 INTRODUCTION 

This section presents a review of the lignin hydrotreating literature, 

primarily, the references that have not been reviewed in a systematic manner 

before. Thus, Section III.2 contains a revie"! of lignin hydrotreating, in 

which references are grouped geographically. One part of the section details 

the references from Eastern Europe. A second part assembles references from 

North America, Western Europe and Asia. Since the latter part has been 

reviewed before, up to the early eighties, the coverage of recent citations is 

more complete. 

Some complete processes for lignin conversion to low-molecular weight 

phenolics, or to phenol and benzene, have been developed over the years. 

These processes employ techniques developed and used in petroleum 

proceSSing. These references are discussed and assembled in Section III.3. 

The co-processing of lignins and coal or heavy petroleum residues is also 

presented. For comparison, a few thermal processes are also reviewed in this 

Section. 

The past five years have seen some studios of lignin model compound 

hydroprocessing. Examples of these reactions are discussed in Section 

III. 4. The aim of these studies is to guide catalyst selection, and through 

the understanding of the reactions involved, to allow the design of better 

processes (higher selectivity for desired reactions). 
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A summary of the reported results and some recommendations for further R&D are 

made in Section III.5. 

The references cited in this Section are included in Section V, the 

Bi bliography. This Section contains, in addi tion to all references cited, 

additional references which were obtained as a result of computer searches of 

both Chemical Abstracts and the Institute of Paper Chemistry Abstracts using 

key words germane to this Section. We feel that providing all references can 

be helpful to researchers in the field, since all citations contain full 

ti tIes of the papers. References from manual searches of Chemical Abstracts 

prior to 1969 have also been included . 

. III. 2 REVIEW OF HmROTREATIHG OF LIGNINS 

III. 2.1 References from Eastern Europe 

The present review is based on available translations of the work plus 

addi tional translations of other papers, either in full, or of the relevant 

parts for the preparation of this report, such as experimental sections, 

tables, discussions and conclusions. Thi~ review incorporates as much of the 

primary data as pOSSible, such that readers can have access to most of the 

dat a we have at hand. 

The order in which the papers are reported was selected to represent as clear 

a picture or the work as possible. At the end of the section, we will also 

present summaries of the papers and patents dealing with the envisioned 

application for the hydrotreated products. The concept of converting the low 

molecular weight phenolics into fuel addi ti ves (octane enhancers) was not 

explored in the Soviet Union literature we analyzed. 

111.2.1.1 General Hydrotreating Conditions 

The bulk of the Russian literature reviewed utilized the following conditions 

for hydrotreating: 

Lignin: Acid hydrolysis. 

Medi urn: 5% by wei ght aqueous sodi urn hydroxi de sol uti ons ; in 

general, 15 g of base were employed for 100 g of lignin and a 1 :3 

ratio of lignin to base solution. 

Catalyst: Sulfides of cobalt, copper, nickel, molybdenum, and 

iron at 2 g for 100 g of lignin were investigated. Most of the 

papers that detail product composition employed sulfides of either 
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cobalt, molybdenum or iron, as preferred catalysts. 

Temperature: 3600 
- 380 0 C. 

Reactor: Described as a rotating autoclave in most papers. 

Reaction Time: 2 hours at temperature. No details relative to 

heating up time are given. 

Ini tial Hydrogen Pressure: 100 atm. 

Hydrogen Consumption: About 0.026 m3 (or about 2.3 g) per 100 g 

lignin, or 23 kg/ton lignifi. 

Inhi bi tors: A number of substances were found to inhibit the 

formation of condensation products and~ therefore, increase the 

the yield of low molecular weight products. The most successful 

inhi bi tor was phenol, although phenol could be replaced by the 

phenolic fraction generated during hydrotreating. Typical 

experiments employed 20 g of phenol added to 100 g of lignin. 

Product separation after hydrotreating: The contents of the 

autoclave were discharged to a beaker; water was used to rinse the 

autoclave. After filtration of the solids, followed by ether 

washes of the solid residue, the combined ether washes and aque.ous 

solution qontaining the hydrotreated products, were exhausti vely 

extracted with ether. After drying the ethyl ether solution with 

anhydrous sodium sulfate, filtering the solids and evaporating the 

ether, the total products of hydrotreating were isolated. 

Separation of Fractions: The organic product was extracted wi th 

aqueous solutions at various pH's to gi ve three fractions: acids 

(extracted from 10% sodium bicarbonate), phenolics (extracted from 

10% sodium hydroxide), and neutrals (remained in petroleum ether 

after the previous extractions). 

DRAFl' 

Typical Example:. To 100 g cotton hull hydrolysis lignin, 300 ml of 5% sodium 

hydroxide solution, 20 g of phenol, and 2 g of a catalyst were added. The 

mixture was charged to the autoclave with an initial hydrogen pressure of 100 

atm. The mixture was heated, the autoclave rotated, and the reaction was 

allowed to proceed for two hours at 360 0 
- 380 0 c. The typical yield of 

product was 90 g (as described in work-up above). After subtraction of the 

amount of phenol added, the yield of hydrotreated products is 70 g. From 

these, 24.5 g phenoliCS, 35.0 g neutrals, and 10.5 g acids were obtained. 

Weight percent of phenolics, neutrals,. and acids: 50, 35, and 15% 
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respectively (Bronovitskii, Cher emukhin , Volochkovich, and Kalinskaya 1967). 

111.2.1.2 Effect of the Nature of the Lignin and of the Presence of Phenol 

Five acid hydrolyses lignins listed in Table 3-1 were the feedstocks for the 

hydrotreating studies, as described in Section 111.2.1.1, in the presence and 

absence of phenoi with CoS as catalyst (Bronovi t'skii, Kalinskaya, and Ikramova 

J921a). The composition of these lignins, in terms of their C9 formulae and 

monomer molecular weight are also gi ven in Table 3-1. The effect of phenol on 

the distribution of products from hydrotreating these five lignins can be seen 

in Figure 3.1. The left bars correspond to yields in the absence of phenol, 

while the right bars indi cate the yields in the presence of 20 g phenol per 

100 g of lignin investigated. The yields of residue, resins, and total liquid 

products are displayed in this figure. The liquid products and the residue 

were. influenced by the presence of phenol more than the yields of resins. 

Wi thin the variOus feedstocks, the presence of phenol most influenced the 

results from cotton hull lignins, followed by the various types of acid 

hydrolyses lignins from spruce; the least influenced were the data from 

sunflower hull lignins. The ether-soluble fraction contained t~e following 

weight % of phenolics, acids and neutral 'substances: 45.7, 14, and 40.3 and 

47, 27, and 26 respectively for cotton hull and spruce (sulfuric acid) 

lignins. The average molecular weights of the neutral products and of the 

phenolics obtained without phenol were 332 and 204, respectively. In the 

presence of phenol, the corresponding molecular weights were 130 and 120, 

supporting their suggestion that phenols inhibit radical chain reactions. The 

monohydric phenolic fraction yields from cotton hull and spruce lignins were 

respectively 27 and 34%. Table 3-2 compares the amounts and types of phenolic 

compounds as determined by gas-liquid chromatography and shows that the two 

samples had a high cont'ent of cresols. The higher yield of phenol from cotton 

hull lignin is due to the importance of cinnamyl alcohol as precursor of this 

lignin. The authors suggest that this process could be a source of cresols. 

The composition of the neutral fraction, which remains in ether solution after 

extraction with 10% aqueous sodium bicarbonate and 10% aqueous sodium 

hydroxide, was described by Bronovitskii, Kalinskaya, and Ikramova (1971b). 

In this mixture there are true neutral substances, which do not contain groups 

that react with base. Ketones, alcohols and hydrocarbons are present in this 

fraction (see Table 3-3). In addi tion to neutral substances, this fraction 
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Table 3-1. Examples of Lignins Investigated (Bronovitskii, Kalinskaya, and 
Ikramova 1971a) 

KLASON 
LIGNIN C9 FORMULAa MONOMER 

LIGNIN ·ASH % CONTENT % x y z m MOL. WEIGHT 

Spruceb,c 1.7 81.6 7.7 2.0 1.0 0.94 194 

Sprucec,d 1.5 82.3 8.8 .2.5 1.3 0.84 205 

Sunflower hullsb,e 5.4 74.0 8.3 2.7 1.0 0.72 200 

Spruceb,f ,.1 80.5 8.7 2.3 1.1 0.72 194 

Cotton hullsb 3.7 78.0 9.7 3.6 0.6 0.32 195 

a CgHxOy (OH total) (OCH3)m; b H2SO4; c HC!; d located in Kanskii; z 

e located in Krasnodar; f located in Leningrad; g located in Ferganski; 
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Figure 3-1. Effect of Phenol on Lignin Hydrotreating Product Distribution. (Bronovltskii, Kalinskaya, and 
Ikramova 1971a) 



Table 3-2. Yields (wt J) of Monohydric Phenolic Compotmds fran 
Hydrotreating of sulflU'"ic acid cotton hull and spruce lignins 
(Bronovitskii and Kalinskaya 1967b). 

Phenolics* 

phenol 
o-cresol 
m, p-cresol 
2,6-xylenol 
unidentified 
o-ethylphenol 
p-ethylphenol 
unidentified 
p-propylphenol/3,4-xylenol 
3-methyl-4-ethylphenol 
unidentified 

Cotton Hull 

38 
13.8 
11.9 
1.3 
5.2 

12.5 
11.2 
3.2 
2.9 

Spruce 

3.8 
12.5 
35 

10.6 
10 
14.9 

5.2 
5.2 
1.6 
1.2 

*Unidentified compounds listed in the order they appeared in the 
gas-chromatographic determination on a polyether of diethylene 
glycol and adipic (and succinic) acid and Apiezon L stationary 
liquid phase. Identification based on comparison of retention 
times ·of methylated mixture with that of authentic methylated 
compounds. 

Table 3-3. Gas-liquid Chranatograms of True Neutral Canpotmds in the Neutrals 
Fraction on Apiezon L (Bronovitskii, Kalinskaya, and Ikramova 1971b). 

RETENTION TIME 
MIN 

1.8 
1.9 
2.5 
3.4 
4.0 
7.7 
8.2 

10.3 
12.5 
17.7 
19.3 

COMPOUND 

methyl ethyl ketone 
unidentified 
cyclohexane 
unidentified 
unidentified 
cyclopentanone 
cyclopentanol 
unidentified 
unidentified 
cyclohexanol 
cycl ohe xanone 

WT% 

2.1 
3.3 
1 • 1 
2 
2.9 
8.4 

28.1 
11.0 
36.5 
2.6 
4.0 
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also includes sterically hindered phenols and complex phenolic compounds, 

which cannot be extracted from 10% aqueous sodium hydl"'oxide, as well as 

qUinol-ether substances. In order to unravel the composition of this complex 

fraction, a very strong base (sodium alkoxide - commonly referred to by the 

Russian authors as Claisen base) was added to the petroleum ethel'" solution of 

the neutrals. This base decomposes the complex phenolics and quinol-ethers, 

thus allowing the identification of possible precUl"'sor compounds, most of 

which a?"e phenolic compounds. The true neutral fraction does not dissolve in 

the strong base. Table 3-4 summa?"izes the compounds determined by gas-liquid 

chromatography soluble in strong base for two acid hydl"'olyses lignins [spruce 

80%) and cotton hull (80%)] lJompared to the hydrotreating under identical 

condi tions of two model compounds [1-( 4-hydl"'oxy-3-methoxyphenyl )-propanone-1 

and dehydrodi vani 11 in]. The nature of the neutrals fraction is quite complex 

and uncertain; however, it is clear that under the influence of strong bases 

simple phenolic compounds, alcohols, ketones and hydrocarbons a?"e isolated. 

The acids fraction from the acid hydl"'olysis cotton hull lignin hydl"'otreatment 

(14%) was composed of 5.1% of hydroxyaromatic acids, 3.9% of satUl"'ated 

ca?"boxylic acids and 5% of alicyclic a?"omatic acids. From spruce lignin, the 

corresponding amounts of hydroxyaromatic, saturated carboxylic, and alicyclic 

a?"omatic acids were respectively 10.8, 6.0, and 10.2%. The hydl"'oxYa?"omatic 

aci-'(is fraction was analyzed by distillation and decarboxylation, which 

converts the hydl"'oxyacids into the corresponding phenolic compounds. _ Table 

3-5 presents the compounds identified after distillation and decarboxylation, 

and their proportions. 

The content of satUl"'ated carboxylic acids of low molecula?" weight was 5.6% of 

ether-soluble fraction, and included formic acid (10.5%), acetic acid (32.5%), 

and propionic acid_ (19.7%) for the acid hydrolysis cotton hull lignin. The 

corresponding data for the acid hydl"'olysis spruce lignin a?"e: 1 0.3% of ether 

soluble with formic, acetic, and propionic acid contents, respectively, of 10, 

26:8, and 26.6% (see also Bronovitskii, Kalinskaya, and Ikramova 1968). 

The yield of neutrals was found to increase with increased reaction time wi th 

concomitant decrease of both phenolics and acids fractions. For cotton hull 

acid 'hydrolysis lignins the yields of phenols, acids, and neutrals for 2 and 3 

hour processes a?"e compared in Fig. 3-2. Data for the 2 hoUl'" process with 

hydrolyzed spruce lignin is also included in the figure. 
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Table 3-~. Gas-liquid chromatograms of the phenolic compounds obtained after strong base treatment of the 
§eutrals fraction (Bronovitskii, Kalinskaya, and Ikramova 1971b). 

Comparati ve 
Retention Substance 

Times Identification 

:;;1 Not identified 
1.00 phenol 
1. 43 o-cresol 
1.53 m,p-cresol 
1. 73 o-ethylphenol 
1. 96 2,5-xylenol 
2.35 p-ethylphenol 
2.78 p- pro pyl phenol 
3.20 3,4-xylenol 
3.72 3-methyl-4-ethyl-

phenol 
4.5 Not determined 
5. 1 Not determined 
5.6 hydroquinone 
6.6 p-methylguaiacol 
7.0 Not identified 
7.7 Not identified 
8.6 Not identified 

10.3 p-propylguaiacol 
11.6 Not determined 
13.3 Not determined 
15.7 Not determined 

% identified substance on 
polyethyleneglycol 6000 from: 

1 (4-oxy-3- Dehydro-
Spruce methoxyphenyl di-
Lignin propanone-l ) vanillin 

1.3 16.3 0.6 
2.9 4.5 0.8 
2.0 3. 1 1.9 
2.9 4.9 1.7 
3.5 6.1 6.1 

11.3 4.6 4.4 
12.1 2.3 4.0 
13 22.8 4.9 
11.9 12.7 2. 1 

8.2 1 .8 1.7 
5.2 2.2 2.1 

2.8 
2.7 8.7 ~.6 
2.2 

1.5 4.7 
3.3 2.3 7.5 

8.2 
5.6 5.4 7.4 

1'2.3 
5.8 11.3 
3.5 12.8 

Comparati ve 
Retention 

Time 

1.00 
1.33 
1. 53 
1.80 
2.2 
2.68 
2.86 

3.20 
3.30 
4.0 

4.60 
5.4 
6.8 
8.30 

10 

% identified substance on 
Apiezon L from: 

Substance Cotton Hull 
Identification Lignin 

phenol 1.7 
Not identified 4.5 
m-cresol 6.2 
Not identified 9.7 
o-ethylphenol 12.9 
p-ethylphenol 7.7 
3,4-xylenol 8.5 

hydroquinone 9.1 
p-propylp:lenol . 9.5 
p-methylguaiacol 8.7 

Not identified 4.9 
Not identified 5.8 
Not identified 3.2 
p-propylguaiacol 3 
Not identified 4.6 



Table 3-5. Phenols from gas-liquid chromatography of distillate 
of hydroxyaromatic t'raction on Apiezon L 15~ on IHZ-600 
(Bronovitskii, Volochkovich, Kalinskaya, and Nam 1968). 

Phenolics 

phenol 
o-cresol 
p-cresol 
guaiacol 
o-et hyl phenol 
p-ethylphenol 
p-ethyl~aiacol 

3,4-xylenol 
hydroqui none 
propylguaiacol 
3-methyl-4-ethylphenol 
unidentified 

34 

Cotton Hull 

42.3 
19.2 

4. 1 
10@3 

8.'0 
5.2 

2.1 
5.0 
0.3 

3.5 

Spruce 

78.2 
4.5 

3.5 
2.0 
2.1 

2.5 
, .5 
5.7 
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In add~tion, 

hydr-ogenolysis 

Br-onovi tskii and Kalinskaya (1972 ) investigated .. 
of spr-uce lignin pr-epared accor-ding to Willstatter-

DRAFr 

the 

(HCt). 

After- hydr-ogenolyses under- the conditions descr-ibed in Section III.2.1.1, ·up 

to 80% of the Willstatter- lignin was tr-ansfor-med into low-molecular- weight 

ether--soluble pr-oducts. Yields of phenolics, neutr-als and acid fr-action in 

the ether- soluble fr-action wer-e 43.7%, 43.7% and 12.7%, respectively. About 

47% of the phenolic fr-action consisted of simple phenols such as 0-, m-, and 

p-cr-esol. The neutr-al fr-action had a simi1.ar chemi cal composition to the 

cor-r-esponding fr-action descr-ibed befor-e. Tr-eatment of the neutr-als with 

str-ong (Claisen) base gave a soluble (25%) and an insoluble (75%) fr-action. 

Among the soluble pr-oducts, hydr-oquinone, phenol, 0-, and p-cr-esol, 0- and p­

ethyl phenol wer-e present. The total amount of neutr-al fraction was 1.7 times .. 
higher- for- the spruce Willstatter- lignin than for- spr-uce acid hydr-olyses 

(H2S04) lignin. 

111.2.1.3 Other Inhibitors and Other- Catalysts 

The quantity of insoluble r-esidue for-med in the hydr-otreating pr-ocess is a 

function of the catalyst and of the nature of inhibitor used. For- instance, 

for acid hydr-olysis cotton hull lignin hydr-otrea~ing, CoS was found to be the 

best catalyst, and the effect of the added inhibitor- is shown in Figur-e 3-3. 

While phenol, monoethanolamine and tr-iethanolamine gave about half of the 

insoluble r-esi due of the process with no inhi bi tor, butyl alcohol gave even 

more insoluble residue than in the absence of inhibitor. Copper sulfide was 

consider-ed an unsatisfactory catalyst but iron sulfide gave results similar to 

cobalt sulfide (26% insoluble residue in the pr-esence of phenol and 40% in its 

absence) • 

A mor-e detailed investigation of the hydrogenolyses of cotton hull lignin and 

model compounds in the pr-esence of monoethanolamine (MEA) was made by 

Br-onovitskii, Ikramova, and Kalinskaya (1973). The model compounds selected 

for this study wer-e dehydr-odiguaiacol (I), 1-(4-hydr-oxyphenyl)-propanone-1 

(II), and 1-(4-hydroxy-3-methoxyphenyl)-propanone-1 (III). The model compound 

or- lignin (12 g based on or-ganic content), mono ethanolamine (8 g) and CoS 

catalyst wer-e investigated under the conditions descr-ibed in Section 

111.2.1.1. The pr-oducts wer-e extr-acted in ether- and the ether-soluble 

fr-action was separ-ated into three por-tions: acidic, phenolic, and neutrals. 

Table 3-6 shows the yields from the above model compounds and cotton hull 
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:rab~~ ~~. ll~~q P,f' ~ltr~c~~9fe .. ~~erl~s ana composl&l~" 9r proguO&S af&er "Tqro~~"~~J~e~ lq ~ne pr~~~nqe QT. 
monoethanol aDftn~ (~~) ~nhlb~tor oompar~d to phenol as Inhtbltor, (arongvJts~U. lkram<?va and KaUnskay~ 
1973) 

Yield of Ether % Total Neutrals (%) % Phenols A.cids (%) Elemental Analysis 
Extractables Phenols (%) Phenols Isolated of Neutral Products 

Compounds 
from neutralsb 

w/ethanolamine (%) 
Hydrogenated wI phenol w/MEA w/Phenol w/MEA w/MEAa wI phenol w/MEA wI phenol w/MEA C H N 

1. 116.6 33.2 69.0 57.3 35.8 12.3 80.5 10.'9 1.20 

II 91 123 83.7 66.3 83.5 28.7 17.2 16.3 5.0 80.75 10.33 1.19 

III 80 91.6 7.9 9.5 511.2 36.6 711.5 1I11.7 55.1 16.5 78.3 10.1I 1 • 1 

Cotton Hull 
Lignin 58.6 70.8 1I5.7 32.5 66.6 110.3 58.8 31t.l 111.0 17.6 81.07 10.80 3.27 

I. Dehydrodiguaiacol 

~ II. l-(II-hydroxyphenyl)-propanone-l 
-.J 

III. 1-(1I-hydroxy-3-methoxyphenyl)-propanone-l 

a. Includes phenols isolated from the neutrals fraction. 

b. Expressed as % phenols in ether extractables. 
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lignin. In all cases, the addition of monoethanolamine (MEA) caused an 

increase in the yield of the ether extractable materials due to the addition 

of MEA to the products. The use of MEA also caused an increase in the amount 

of. neutrals fraction obtained at the expense of the phenoli c and aci di c 

fractions. Similarly to the treatment of the neutrals fractions obtained in 

phenol, the neutrals fraction obtained in the presence of MEA when treated 

with strong base and extracted, also yielded phenolic structures. Tables 3-1 

~d 3-8 show the yield of phenols and "true:' neutrals after treatment with 

base as well as the identity of the compounds that were obtained. 

Table 3-9 shows the effect of MEA on the types of phenols o-btained when 

compared to the phenols obtained using phenol as the inhibitor. As can be 

seen, when phenol is used as the inhibitor, the reaction is more selective 

toward phenol and substituted phenols with shorter side chains. On the other 

hand, using MEA as the inhibitor gives a much more complex product slate in 

which substituted phenols with longer side chains predominate. 

III.2.1.4 Comparison between alkaline hydrogenolysis and alkaline solvolysis 
in the presence and absence of phenol 

Bronovi tskii and Kalinskaya (1970) compared the behavior of lignins in aqueous 

alkaline solutions in the presence and absence of phenol by comparing the 

products of these reactions. The base treatment of lignins in the presence of 

phenol, and the base treatment under the reducing conditions described in 

Section III. 2.1.2 were also compared. The authors found that, whereas the 

base hydrolysis of cotton hull lignin led to about 16% of hydroquinone, the· 

presence of phenol reduced the content of hydroquinone to 2% with concomitant 

increase of pyrocatechol in the phenolic fraction. Under hydrotreating 

condi tions, no dihydroxyphenols were observed. The authors concluded that 

since hydroquinone is not a structural unit of lignin, its presence in the 

products of the first two types of reactions must result from hydroxylation 

reactions by hydroxy radicals. 

Addi tional data on alkaline hydrolyses of acid hydrolysis lignins in the 

presence and absence of phenol was given by Bronovitskii and Nam (1973). 

III.2.1.5 Other work 

The destructive hydrogenation of corncob hydrolysis lignin in anthracene oil 

in the presence of limonite (a nat ural mineral composed of hydrated iron 
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Table 3-7. GC o~ Phenolics ~ram Neutral Fraction (w/MEA) ~ter treatment wi th 
base. (Bronovi tskii, Ikramova, and Kalinskaya 1973) 

% in Mixture 

Cotton 
Hull 

Compoillld I II III Lignin 

phenol 11.8 1.0 5.5 5.9 

o-cresol 13.6 0.8 13.6 10.5 

m,p-cresol 12.5 0.7 7.5 7.2 

guaicol/o-ethylphenol 11.9 0.7 5.4 2.5 

2,5-xylenol 8.8 0~5 3.2 26.4 

3,5-xylenol 8.8 

p-propylphenol 28.5 5.6 

hydroquinone 7.7 6.2 6.7 4.9 

Not identified 33.7 53.3 52.5 23.5 

% of Neutrals 62.5 60 60 58 
Converted to Phenols 
by Treatment with 
Base 

I. Dehydrodiguaiacol 

II. 1-(4-hydroxyphenyl)-propanone-1 

III. 1-(4-hydroxy-3-methoxyphenyl)-propanone-1 
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Tab1e 3-8.: GC of Neutral.s After Treatment of Neutral Fraction (w/MEA) with 
Base. (Bronovitskii, Ikramova, and Kalinskaya 1973) 

% in Mixture 

Cotton 
Hull 

Compound I II III Lignin 

Cyclohexane 16.6 

Cyclopentanone 12. 1 

Cyclopentanol 6.8 10.2 4.2 18.3 

Cyclohexanone 25.9 13.4 9.0 13.0 

Cyclohexanol 11.4 19.3 2.3 12.9 

Methylcyclohexanol 12. 1 7.8 17.1 

Not identified 55.9 32.9 67.2 

% Remaining in the 37.5 40 40 42 
Neutral Fraction After 
Treatment with Base 

I. Dehydrodiguaiacol 

II. 1-(4-hydroxyphenyl)-propanone-1 

III. 1-(4-hydroxy-3~methoxyphenyl)-propanone-1 
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Table 3-9. Composition of Phenolic Fraction Using MEA and Phenol. (Bronovitskii, 
Ikramova, and Kalinskaya 1973) 

Phenol Content ( %) 

I II III Cotton Hull Lignin 

Compound MEA Phenol MEA Phenol MEA Phenol MEA Phenol 

phenol 8.5 40.6 80 9.1 64 12.7 38.0 

2,6-xylenol 1.3 

o-cresol 5.6 8.5 7.0 13.8 

p,m-cresol 13.2 1.4 10.0 14.6 8.5 17.9 11.9 

guaiacol 7.4 4.2 7.9 

o~ethylphenol 3.3 6.2 12.5 

p-ethylphenol 25.1 3.2 3.5 24.4 11.2 

3,5-xylenol 4.5 

xylenol 2.8 6.3 8.1 

p-propylphenol 16.6 41. 6 1.2 22.1 11.0 10.2 2.9 

pyrocatechol 0.3 0~3 0.6 0.3 0.3 

hydr oqui none 11 • 1 0.5 5.7 3.5 

Not identified 17.8 23.0 16.0 8.4 

I. Dehydrodiguaiacol 

II. 1- (4--hydroxyphenyl )-propanone-1 

III. 1-(4-hydroxy-3-methoxyphenyl)-propanone-1 
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oxide, possibly containing sulfides) as catalyst was investigated. The 

hydrogenation condi tions of the Bulgarian work are similar to that described 

in Section III. 2.1.1 but the hydrogen pressure was higher (240 atm). The 

total yield of phenols was 46.2 g pel" 100 g of lignin charge. In addi tion, 

neutral and acid fractions were also isolated.. In the phenolic fraction, 

phenol, cresols, methyl phenols , propylphenols and xylenes were identified. 

The most important phenolic compound was p-cresol (54% of total phenols) (John 

and Dobrev 1973). 

Rieche et al. (1964, 1966) investigated hydrogenation of acid hydrolysis 

lignin and technical alkali lignin in phenol and diesel oil as solvents. A 

number of catalysts were screened: Fe203' Fe203-CuO-S, FeS-euS (1 :0. 05), and 

NiS-WS2 (35:65), Mo03-Fe203 (on 10% Fe203), pyrophoric Ni-AI203 (1 :1). Lignin 

liquefaction yields ranged from 52-75%. One experiment gave 14% of p-alkyl­

phenols but generally the yield of these phenols was 2-3%. An example given 

was the hydrogenolyses over FeS-CuS of alkali lignin (74 g) in 120 g of phenol 

at 350°C with 250 atm initial hydrogen pressure for two hours. In this 

example, 52% of the lignin was liquefied. Based on gas liquiq chromatography, 

the following phenolic compounds were quantified: phenol and o-cresol (82.8 

g); p- and m- cresol, 2,4- and 2,5-xylenol (2 g); guaiacol (0.3 g); p-ethyl­

phenol, 3,5-xylenol (0.8); p-propylphenol (0.1 g). The neutral fraction 

(15.6 g) included benzene, cyclohexane, methanol and anisole. The aim of the 

work was the synthesis of p-alkylphenols. The yield for a one-product-only 

process was too low. The authors did successfully hydrogenate alkali lignin 

continuously in a "sumpfphase" oven (300°-400°C) with a Mo03 catalyst. 

In the thirties, sulfuric acid lignin was hydrogenated on MoS2 in a 

horizontally rotating autoclave, electrically heated to 400°-450°C, with 

hydrogen feed at 50-70 atm (gauge at ambient temperature). Experiments 

without solvents gave very small yields of solubilized tar. However, use of 

phenol or lignin tars as solvents resulted in 44% conversion of the lignin 

into soluble tar and 56% into gaseous products. The tar was fractionated 

according to boiling range into three fractions: 24.2% boiling below 200oC, 

35.6% between 200°-300°C, 40.2% above 300°C (includes losses) (Moldavskii and 

Vainshtein 1935). The boiling range of phenols is 150°-240°C; catechols boil 

in the 240°-260°C range. Hydrocarbons boil under 150°C. Thus, the first two 

fractions contain the bulk of hydrocarbons, phenols and catechols. 
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In East Germany, hydrogenolysis of lignins from evaporated sulfite liquor or 

kraft lignins has been investigated (Wienhaus, Fischer and Schiene 1976). 

These authors have compared pyrolytic processes with hydrogenolyses of ligniris 

for the production of phenolic compounds (Wienhaus, et al. 1980). The process 

and apparat·us patented by Borchers et a1. (1975). was described as a continuous 

pressure hydrogenator. a tube reactor, in contact with a copper-doped iron 

catalyst. The resi dence times were of 0.25-1.5 hours at temperatures in the 

350 o -550oC range with hydrogen pressures betw~en 200 and 400 atm. 

111.2.1.6 Applications or Hydrotreated Acid Hydrolyses Lignins 

Phenol substitute in phenol-formaldehyde thermosetting resins. 

Bronovitskii, Volochkovich, Kalinskaya, and Nam (1968) have tested the acid 

hydrolysis hydrotreated lignin to form a reso1 1 to manufacture "Getinaks" 

laminates. The quality of the product was considered comparable to that of 

phenol alone. 

Cation exchange resin synthesis based on hydrotreated lignins. 

Bronovitskii, Salyamova and Volochkovich (1967) investigated the .production of 

cationic exchange resins from the hydrotreated lignins by two methods. In the 

first the hydrotreated product mixture of phenolics, acids and neutrals was 

sulfonated directly. The other method pre-condensed these materials with 

formaldehyde and furfuryl alcohol prior to sulfonation. The sulfonation was 

performed with 20% oleum at 180 0 c for 1 hour. The hydrotreatment involved 

molybdenum sulfide as catalyst. The resulting resin had an exchange capacity 

of 3.2 meqlg without pre-reaction with aldehydes. 

1 Resol = a formulation of phenol and formaldehyde containing an excess of 
the aldehyde, prepared under alkaline condi tions. . It consists primarily of 
single aromatic structures acti vated by CH20H groups. If heated, the resol 
can be cured without further addition of aldehyde. 

43 



DRAFt 

Condensation reactions did not improve the exchange capacity. Later, 

Salyamova and Bronovitskii (1970) were successful in forming novolaks2 and 

resols between the spruce lignin (HCi and H2S04) and formaldehyde and furfural 

in the presence of acids and bases. The products were sulfonated for 1 hour 

with 25% sulfuric acid. The best exchange resins were obtained by sulfonation 

(0.5 h) of the resin formed between formaldehyde and the low molecular weight 

products from hydrotreatment of sulfuric acid spruce lignin, which gave 83% of 

bound acid. The resulting colorless resin had 3.4 meq/g of exchange capacity 

and was stable under basic conditions. These results were patented by 

Bronovitskii, Salyamova, and Volochkovich in 1968. 

Antioxidant properties. 

Bronovitskii and Sharipdzhanov (1967) investigated the use of the phenolic and 

neutral fractions from Section III. 2.1.2 . as low-density polyethylene 

stabilizers. Full inhi bi tion was found for the neutral fraction while the 

phenolic materials gave a strong inhibition as measured by comparing oxygen 

absorption at 170 0 C during 25 minutes. Such results were confirmed by 

viscosity and infrared data. Sufficient stabilization was obtained using 1-3% 

of the neutral fraction.' The same authors demons,trated in .'1970 that the 

neutral fraction serves as a thermostabilizer for polypropylene in addi tion to 

acting as an antioxidant. 

III. 2. 2 Ret'erences from North America., Western Europe and Asia 

III. 2. 2.1 Summary of hydrotreating of lignins and wood in organic/aqueous 
solvents under mild reducing conditions 

This area has been revi ewed in detail by Hrutf iord (1971), Schweers (1966, 

1975), Goldstein (1975), Schultz (1981), and Goheen (1981). Therefore, only a 

summary will be presented here. For further details, the reviews and the 

primary references should be consulted. 

2 Novolak = a formulation of phenol and formaldehyde containing an excess of 
phenol, prepared under acidic condi tions. The resulting prepolymer contains 
4 .... 6 aromati c rings linked by methylene bri dges. Novolaks cannot be cured 
without further addition of aldehyde. 
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The studies of destruc,ti ve hydrogenation of lignins have been carried out with 

two main purposes: 

i) the determination of the chemical structure of lignin; and 

2) the conversion of lignins into more useful, lower molecular weight 

organic chemicals. 

Either acid or base catalyzed hydrolysis of lignin plays an important role in 

the overall hydrogenation reactions: acidic or alkaline hydrolysis provides 

the essential primary breakdown of th~ lignin macromolecule, while 

hydrogenolysis and hydrogenation provide further breakdown and stabilization 

of the depolymerization products. The interpretation of the results needs to 

take into account the past history of the lignin preparation prior to 

destructive treatment as well as the role of the solvolytic treatment. 

As an example of typical reaction condi tions, maple woodmeal was hydrotreated 

in a 1:1 ethanol: water solvent system, using Raney nickel as catalyst and a 

temperature range of 160°C to 170°C (see, for instance, Bower, Cooke and 

Hibbert 19l.!3). 

Reaction products vary as a function of the pH and temperature. If the 

hydrogenations are carried out in neutral sol vents (ethanol: water, 

dioxane:water) or in acidic environment, the major monomeric products isolated 

are phenylpropane (C6C3) compounds such as: 

S-CH2-CH2-CH20H, G-CH2-CH2-CH20H, and S-n-C3H7 

.~CH3 
~OH 

OCH
3 

and G=guaiacyl unit 

(where S=syringyl unit -

~OCH3 
~OH ) . 

Under alkaline conditions, the yield of low-molecular weight chloroform-

soluble products is higher than under neutral conditions. The major monomeric 

products isolated are phenyl ethane (C6C2) compounds: 

Selected results from hydrogenolyses of hardwoods and softwoods are summarized 

in Table 3-10. . A comparison of the major products of hydrogenolyses of a 

variety. of hardwoods is given in Table 3-11. In addi ti on to monomer i c 

products, dimers have been isolated and identified, such as G-CH2-G, G-CH2CH2-

G, S-CH2-S, S-CH2-CH2-S, and S-CH2-G. The remainder of the material is 

polymeric in nature. It is more heavily condensed than the starting lignin 

since upon oxidation, only about half of the yields of vanillin and 
syringaldehyde are obtained. 
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Table 3-10. Major monomeric products of hydrolytic treatment of hardwoods and 
softwoods. Yields given as J of Klas.on lignin. 

Compomd Hardwoods Softwoods 

Neutral Alkaline Neutral Alkaline 
(acid) (acid) 

G-C2~ 2-5 9.4 
G-n-c~~ 1.2 ( 5.1 ) 
G-CH2 H2CH2 OH 6-11 13.5 
S-CH~ 1.0 1.5 
S-C2 2.0 9-15 
s-n-C~H7 (12) . ~1 

S-CH2 H2 0H 4-6 
S-CH2CH2C~OH 13 1.5 

Adapted from Hrutfiord, 1971. 
Condition: neutral = 1:1 dioxane:water solvent; acid = 0.1 M HC1 added to the 
neutral solvent; alkaline = 3-5%. NaOH added to the neutral solvent. Hydrogen 
ini tial pressure was 500 psig and the catalyst was Raney nickel. 
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Table 3-11. Major monomeric constituents of alkaline hydrogenolysis of sQlle 
hardwoods. Yields are given as % of Klason lignin. 

Compound Aspen Alder Maple 

G-CH 0.5 1.0 trace 
G-C2~5 4.9 4.3 2 
G-n-C3H.r 1.3 1.9 
S-CH~ 1.5 0.1 trace 
S-C2 9.1 10.7 15.4 
S-CH2CH2OH 4.0 0.6 6.2 
S-n-C !!7 0.6 1.lf 
S-CH2~H2C~OH i.7 3.0 trace 

Adapted from Hrutfiord (1 971 ) ; experimental conditions of Table 3-10. 

Table 3-12. Monomeric Reaction Products of Hon-Hydrolytic Hydrogenolysis of 
Milled Wood Lignins. Yields are given as % ot the starting lignin weight. 

Blue White 
Compound Bi·rch Oak Spruce Pine 

G-H 0.3 0.3 
G-CH 1.1 1.0 3.5 2.9 
G-C2~5 0.9 0.6 2.1 2.9 
G-n-C H.r 2.3 2.6 5.9 5.3 
G-CH2~H2CH2 OH 2.0 0.6 8.1 7.3 
S-CH 2.0 3.1 
S-C2~5 1.1 0.7 
S-n-C H 3.9 7.3 
S-CH2~H~CH2 OH 7.9 0.8 

Totals 21.2 16.7 19.9 17.7 

Conditions: Anhydrous dioxane solvent; temperature: 220o -250 oC. From Coscia, 
Schubert and, Nord, 1961, and Olcay, 1962. 
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A number of conditions have been tested. Reaction times of 4~S hours for the 

low temperature reactions have been employed with about SOO psi of hydrogen as 

ini tial pressure. Many catalysts have been tested such as Raney nickel, 

copper chromite, and palladium, platinum or rhodium on charcoal. 

In order to successfully hydrogenate it is best. to have water in the medium, 

which confirms the need for hydrolytic reactions to depolymerize the 

lignins. Successful hydrotreating in aqueous alkaline solutions has been 

described in Section III.2.1. The most common organic/aqueous solvents 

employed in these studies were ethanol:water and dioxane: water. Examples of 

hydrogenolyses products of milled wood lignins in anhydrous dioxane (without 

substantial hydr-vlytic contributions to the reaction products) are given in 

Table 3-12. Four moles of hydrogen reacted per phenylpropane unit. The 

products do not seem to have lost aromatic rings or methoxy content. 

Hrutfiord(1971) summarizes the mechanistic studies carried out by many 

authors, i ncl udi ng Pepper and co-wor kers , and Schuer ch and co-wor kers • The 

proposed mechanism is compatible with lignin hydrolysis studies in base or 

acid medium, as well as the observed final monomeric products. Scheme 3-1 

reproduces Hrutfiord' s schem~ involving the hydrolysis of B -0-4 alkyl aryl 

ether bonded structures followed by hydrogenation of the intermediates to a 

final stable product. The major source of guaiacylpropanol is the etherified 

unit (1), which can be converted to an epoxide through B-aryloxy 

elimination. The formation of guaiacylpropane invokes the intermedi ate 

formation of the phenolic unit (2) derived from hydrolysis of the phenol ether 

bonds. The most likely intermedi ate is the extended quinone-methide (4) 

formed from dehydration of the qUinone-methide (3). The same qUinone-methide 

can lead to the phenyl ethane products by the loss of the carbon as 

formaldehyde yielding intermediate (S). Phenylmethane products may arise from 

vanillin formed by reverse aldol condensation of coniferyl aldehyde. 

III.2.2.2 Hydrotreating in Organic Solvents Under More Drastic Reducing 
Conditions 

Above 200°C, in the 250·o -260 o c range, and with hydrogen pressures of 1S0-2S0 

atm, and with reaction times of the order of a few hours to a day, 

perhydrogenation becomes more important leading to cyclohexane, other 

hydrocarbons, and neutral compounds. 

48 



I ~o HC-O§ ~ H.COH H. ~~ 

~ -~---.~~ 
OH OH OH 

5 

Scheme 3-1. Proposed mechanisms ot hydrolytic hydrogenolysis (atter Hrutriord, 1911). 
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The catalyst of choice was usually copper chromium oxide, although Raney 

nickel and tin sulfide were also used (Harris and Adkins 1938). Copper 

chromi um oxide .is prepared by numerous methods including decomposition of 

copper chromium nitrates, simple grinding of copper oxide and chromium oxide 

or, as is described by Adkins (1937), decomposition of copper ammonium 

chromate. Using aspen soda lignin and black gum soda lignin, Harris (1940) 

reported obtaining methanol (10.5%, 11.0%, respectively), n-propylcyclohexanol 

derivatives including propylcyclohexanediol. (14.4%. 20.0%), water (9.0%, 

10.5%), and a high bOiling resin (66.0%, 60.0%)~ The patents by E. C. 

eherrard and E. E. Harris (Forest Products Lab. 1940a, 1940b, 1942) describe a 

method by which lignin or raw pulping liquors could be hydrogenated over a 

variety of catalysts, i.e. Raney nickel or copper chromium oxide, to methanol, 

organic acid deri vati ves of propylcyclohexane and high boiling resins. An 

example of one of these preparations uses 1 liter of raw pulping liquor from 

the soda process in a 2 liter bomb with a nickel catalyst at 136 atm (initial 

H2 pressure) heated to 300 0 C for 2 to 6 hours. An oily, water insoluble 

material was produced that contained n-propylcyclohexane deri vati ves, 

primarily propylcyclohexanols and diols as well as resins. Various aliphatic 

alcohols· and glycols were also obtained from the carbohydrate degradation 

products which were present in the pulping liquor. Also investigated were 

acid hydrolysis and organosolv lignins. 

F~eudenberg et al. (1941) reported that S-containing waste liquors of 

softwoods could be hydrogenated at 340 0 c wi th or without a catalyst to gi ve 

small amounts of phenolic compounds, cyclopentanols, and substi tuted 

cyclohexanols. It was also reported (Freudenberg, Lautsch, and Piazolo, 1943) 

that 22% of the lignin in fermented sulfite waste liquor containing 1% ethanol 

could be converted to neutral hydrogenation products at 3500 C with no added 

hydrogen. In the presence of hydrogen (1!tO atm) and Raney nickel catalyst, 

48% of the lignin was converted to neutral hydrogenation products along with a 

small amount (7%) of phenols. 

At higher temperatures in organic solvent systems (benzene, methanol or 

cyclohexane) near or at supercritical conditions, Schweers (1969) and Hoffmann 

and Schweers (1975 a,b,c) investigated the hydrogenolyses of a number of acid 

hydrolysis lignins, lignosulfonates, synthetic DHP lignins, and model 
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compounds, in the presence of transition metal complexes as catalysts. While 

the acetylacetonates of Fe, Co and Ni did not exhibit catalytic activity, the 

metallocenes, particularly the dicyclopentadienyl nickel (ni. cl<e:.O()t=:i\(~) were 

found to be active. The best activity for the formation of phenolic compounds 

was achieved at 350 o C, 100 atm starting hydrogep pressure, and 220 atm final 

prE!ssure after about 20 hours of reaction. Typically, 2.5-10 g of lignin were 

placed in an autoclave system with 40-500 ml of sol vent and 1 g of the 

~rganometallic catalyst. Typical product distributions of the phenolic 

fractions are given in Table 3~13. Yields of phenolic compounds as high as 

36% of the starting lignin were obtained. The neutrals included cyclohexane, 

cyclopentane, and their alcohol deri vati ves. In addition, in the model 

compounds work, cycloheptane was also found (Hoffmann and Schweers 1975a). 

Blank experiments are not reported to assess whether under such extreme 

reducing conditions, the metallocene catalyst employed (in very large amounts) 

could undergo decomposition and thus increase the neutrals fraction. The 

resulting finely divided metallic nickel thus formed could certainly act as an 

excellent hydrogenation catalyst • 
.. 

III.2.2.3 Hydrotreating of Sweet gum Lignin from Superconcentrated HCl 
Treatment of· the Wood 

A number of conditions to degrade the lignin produced in the saccharification 

of sweetgum (Liquidambar styraciflua L.) wood meal with superconcentrated HCR. 

(4lJ-45%) into phenolic compounds were investigated (Schultz 1981; Schultz, 

Chen, and Goldstein 1982). This lignin is reported not to be as highly 

condensed as other acid hydrolysis lignins. Support for this statement cart be 

found in the yield of total aldehydes (vanillin and syringaldehyde) produced 

in the nitrobenzene oxi dation of this HCR. lignin which is 31.4% whereas the 

yield of the aldehydes from milled wood sweetgum lignin is 33.7%. For 

comparison, the total yield of aldehydes from the Klason sweetgum lignin is 

only 4.8% (for detailed yields of these various nitrobenzene oxidation 

results, see Schultz 1981). 

A comparison was made of the yields of phenolic compounds obtained under 

hydrolysis conditions in aqueous dioxane alkaline solutions or in aqueous 

alkaline solutions in the absence of hydrogen and heterogeneous catalyst, and 

in the presence of catalysts and hydrogen. The selected catalysts were 
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Table 3-13. Major monomeric constituents of hydrogenolysis of HC! lignins 
(2.5 g) in benzene, catalyzed by 1 g of nickelocene at 350o C. Starting 
pressure of 100 atm. Reaction time about 20 hours (Schweers, 1969). 

Compounds Spruce Beech Bamboo Maize 

P-H 2.7 15. 1 17.9 
P-CH 1.4 6.5 8.9 
P-C2~5 2.7 16.9 40.3 
P-n-C Rr 2.7 4.5 
G-H 3 13.8 6.1 10.9 6.3 
G-CH~ 20.4 5.3 4.0 3.0 
G-C2 35.1 15.1 8.8 8.0 
G-n-C3H7 30.8 12.1 20.6 1.3 
G-n-C3H6OH 0.4 
S-H 9.7 2.6 5.5 
S-CH 4.9 2.8 2.3 
S-C2~ 18.6 1.6 4.6 
S-n-C3~ 19.0 5.7 1.9 

Total 100.0 100.0 100.0 100.0 

Phenolic Compounds 
(% of starting lignin) 32 36 24 16 

Neutral Compounds 
(% of starting lignin) 32 40 24 36 
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primarily oxides of iron, cobalt and molybdenum (COOM003), though a few 

preliminary experiments were performed with Raney nickel and Rh on carbon, 

typical hydrogenation catalysts. . One experiment was performed with the iron 

oxi de in the presence of sulfUl" in 5% aqueous NaOH, at 340°C, with hydl"ogen 

for one.hour. (This experiment was the closest to the experimental conditions 

employed by the Russian workers. except that they employed the metal sulfides 

directly as catalysts and the preferred reaction time was two hoUl"s.) No 

phenolic compounds could be isolated from t~is particular experiment. The 

experimental work was performed in a batch 1 liter Parr rocking autoclave, 

heated at 5°C/minute, to a final temperatUl"e in the 250°-350°C range; reaction 

times varied from 0.5-5 hoUl"s, and most of the experiments were carried out at 

1.5 hours. Typically, 5 grams of lignin were mixed with 0.5 g of catalyst and 

added to 200 ml of sol vent (dioxane:3% aqueous NaOH in 1:1 proportion 01" 1. 5% 

01" 3% aqueous NaOH). 1 Under the conditions employed by Schultz et ale 

(1982), catalyst, temperat Ul"e , time, and solvent, listed in Table 3-14, the 

nat Ul"e of the catalyst was found to have very little, if any, apparent 

influence on the total yields of phenolic monomers. The composition of the 

phenolic fractions was investigated in detail. Analyses of the corresponding 

neutrals 01" gaseous fractions were not given. A very successful analyti cal 

procedUl"e for the determination of the phenolic compounds produced in the 

reactions investigated involved acetylation of the phenolic compounds and 

analyses on a 6 foot,. 1 /8 inch o.d. stainless steel column packed with 3% ov-
17 (10-120 mesh WHP support) (Schultz, Chen, Goldstein and Scaringelli 

1981). Flame ionization detection was used. In the· procedUl"e developed, the 

phenolic mixtUl"e was added to acetic anhydride and pyridine. The mixtUl"e was 

heated to 60°C for two hours. The whole mixtUl"e was added to the column 

Note that these condi tions involve much more dilute lignin solutions than 
those employed by the Russian workers, which were 100 g lignin, 300 ml 5% 
NaOH, 20 g phenol and 2 g of metal sulfides. The conditions are similar to 
those employed by Peppel" and coworkers (1978) which were 10 g wood meal, 0.5 -
3 g catalyst, 150 ml of 1:1 dioxane: water; 195 ± 5°C and a heating rate of 
120 o C/h; an Aminco (chrome steel) continuously rocked autoclave 01" a stainless 
steel Parr pressUl"e reactor were used. Different product distributions were 
obtained .in the two autoclaves, which were assigned to the catalyti c effects 
of chl"ome steel. 
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Table 3-14. Comparison between alkaline hydrolysis and alkaline hydrolysis 
under reducing conditions (in the presence of hydrogen and heterogeneous 
catalysts) of acid hydrolysis sweetgum lignin isolated from superconcentrated 
HCl wood saccharification treatment. (Schultz, Chen, Goldstein 1982) 

Solvent 

Dioxane:3% NaOH 
1.5% NaOH 

Dioxane:3% NaOH 

Dioxane: 3% NaOH 
same 
same 

3% NaOH 
Same 
Same 

70 

Temperature 
°C 

Time 
h 

Alkaline Hydrolysis . 
250 1.5 
250 1.5 

70 atm Hydrogen and No Catalyst 
250 ' 1.5 

Distillable 
Weight % 

16 
'9 

16 

atm Hydrogen and Ferric Oxide Catalyst 
250 1.5 18 
250 5.0 3 
250 0.5 17 
250 1.5 1 
300 1.5 6 
350 1.5 11 

70 atm Hydrogen and Cobalt-molybdenum Oxides Catalyst 
Dioxane:3% NaOH 250 1.5 16 
3% NaOH 250 1.5 8 

Note: No distillable weight was obtained with dioxane and water without base, 
in the presence of hydrogen and catalysts. 
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directly without further separation by extraction or other procedures. 

Nevertheless, for most of the distillates analyzed this way the yield of 

identified phenols was in the range of 36 to 69%. The compounds with 

hydroxylated side chains were also detected in this procedure at the longer 

retention times. Identification was performe~ by comparison of retention 

times with those of authentic samples. No mass spectroscopi c identifi cation 

was performed on phenols from lignins. 

From Table 3-14 it can be seen that the yiela of distillates was 16-18% when 

HCt lignin was reacted in dioxane:aqueous alkali solutions in the presence of 

hydrogen. Alkaline hydrolysis alone under these conditions gave 16% 

distillable materials. When comp~ring the compOSition of the phenolic 

compounds (1 hour at 250o C), the ratios of ethylguaiacol: guaiacol , ethyl­

syringol:syringol, and ethylcatechol: catechol for the alkaline hydrolysis were 

0.17, 0.20, and 0.67, respectively. In the presence of cobalt-molybdenum 

oxides, these ratios increased to 0.22, 0.41, and 1.0, respectively. If the 

reaction was carried out under alkaline aqueous condi tions, lower yields of 

distillable materials were obtained. Longer reaction times did not favor 

depolymerization but appeared to have favored recondensation as shown by the 

3% yield of distillable material after 5 hours of reaction (see Table 3-14). 

The need for base to catalyze the hydrolysis reactions was confirmed by the 

results in dioxane: water· mixtures (i.e., no distillable phenols). The higher 

ratios of ethylated versus dealkylated phenols, the need for base hydrolyses, 

and the additional experiments carried out with IG.ason lignin support the 

mechanism shown in Scheme 3-2. Similarly to the scheme proposed by Hrutf iord 

(see Scheme 3-1) the quinone methide is the active postulated intermediate. A 

reverse aldol reaction leads to the aryl oxyvi nyl intermediate (in both 

mechanisms) which can be partially hydrogenated to the p-hydroxyethylguaiacol 

or fully hydrogenated to p-ethylguaiacol. Hydrolytic reaction at temperatures 

higher than 250 0 C lead to the benzyl alcohol intermediate which can undergo a 

reverse aldol reacti0n to form the dealkylated guaiacol; demethylation leads 

to the observed catechols. 

The low yields of monomeric phenols in these batch experiments could be 

related to the agitation provided by the autoclave employed. As will be 

reported in Section III.3.2, the type of agitation can have profound effect on 
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the effecti veness of the catalysts. In addi tion, no details were gi ven 

concerning the physical characteristics of the catalysts. Though the 

experimental results do provide very good comparison between alkal ine 

hydrolysis and alkaline hydrogenolysis, it is still'very difficult to compare 

these resul.ts with others under similar conditions. Analysis of the neutral 

fraction would also have been extremely useful. The catalysts employed could 

indeed lead to a fair amount of perhydrogenation·with formation of cyclohexane 

and derivatives (alcohols). 

111.2.2.4 Hydrogen - Donor Solvents 

The thermal degr·d.dation of kraft lignin in tetralin, a hydrogen-donor solvent, 

was thoroughly investigated by Connors, Johansson, Sarkan'::rl and Winslow (1980) 

in the 375°-400°C temperature range with a hydrogen pressure of 54-102 atm. 

In parallel, experiments were performed with simpler lignin model compotmds. 

The literature is reviewed in that 1980 publication relative to lignin 

investigations in tetralin (see also Section III. 3.2). Under these 

conditions, it was found that aliphatic oxygen functions reacted most 

rapidly. Methoxyl groups tmd,erwent aliphatic carbon-oxygen and aromati c 

carbon-oxygen cleavages leading to catecho~ and phenol groups, respecti vely. 

Carbon-carbon cleavages , primarily between a-and S-carbon atoms though 

cleavages between the aliphatic a-carbon and the aromatic rings, also 

occurred. Upon prolonged treatment, guaiacols and catechols were shown to be 

transformed into a mixture of phenol, cresols, and ethylphenols, which was 

relatively resistant towards further conversion. An example of the evolution 

of yields of phenolics (as ether-soluble phenols) can be seen in Table 3-15. 

From these results, a maximum yield of ether-soluble phenolics of 37.4% was 

observed at 15 minute reaction time as a result of a large decrease in the 

acetone-insoluble lignin fraction. Longer reaction times favored further 

degradation into gases and hydrocarbons which were not determined (only the 

residual pressure was measured). The yield of non-volatile neutrals increased 

as reaction times increased. 

The sequence· of reaction times of oxygenated fraction cleavage was described 

as: aliphatic Ori > aromatic OCH3 > aromatic OH. The yields of monomeric 

phenols from the ether-soluble phenolS were also determined in the acetylated 

form by gas chromatography on a K-20M column (1.8 m length) using a flame 
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Table 3-15. Influence of reaction time on product distribution of lignin 
thermal degradation in the presence of hydrogen and of the 
hydrogen-donor solvent tetralin. Reaction temperature = 400°C, 
Tetralin:Indulin AT = 4.0:1.0. (Connors et ale 1980) 

Yields, wt% of original lignin 

Reaction Time, min. 0 15 . 75 255 615 

Maximum Pressure, atm 0 55 71 103 108 

Residual Pressure, atma 0 0 1.7 9.8 13.2 

Acetone-insoluble Lignin 60.2 2.6 2.8 2.2 2.4 

Acetone-soluble Lignin 38.2 37.8 13.4 12.6 5.8 

Ether-soluble Phenols 2.5 37.4 31.0 26.7 22.7 

Total Phenolic Products 100.9 77.8 47.2 41.5 30.9 

Acids 0.6 2.3 1.9 1.5 1.2 

Non-volatile Neutrals 0.7 3.3 5.3 8.0 7.0 

Chars 0.1 9.7 6~2 4~2 3.4 

Total Isolated Products 102.3 93.1 60.6 55.2 42.5 

a) Indication of lignin depolymerization and fragmentation into permanent 
gases and volatile hydrocarbons. 
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ionization detector. Identification was made by comparison of retention times 

of authentic samples and mass spectral patterns (for all peaks except 

catechols). . At 15 minute reaction time, identified phenols, guaiacols and 

catechols made up 6.7% of the starting lignin. The yields of guaiacols and 

substi tuted catechols decreased as the reaction times increased. The main 

products were then phenols and catechol. 

following distribution: 

guaiacols: C2>C1 >no side chain >C3 
catechols: early stages 

C, > no side chain >C2>C3 
later stages 

phenols: 

no side chain> C,>C2>C3 
C1>C2>no side chain>C3 

The product distribution follows the 

Model compound studies were also carried out with p-ethylguaiacol and 

dihydrodehydrodisoeugenol. In tetralin, cleavage of p-ethylguaiacol to p- and 

o-ethylphenol as well as to p-ethylcatechol and catechol occurred. At short 

reaction times at 375°C with tetralin and hydrogen, the yields of catechols 

were higher than those of phenols. Longer reac~ion times' reversed these 

findings. At higher temperatures, the yields of catechols were always higher 

than those of phenols (compare with Bredenberg results discussed in Section 

111.4). The dimeric model compound gave products in which cleavages of bonds 

1-a(ether), a(ether )-8' and 8-5 had occurred. The rate of a( ether )-8 cleavage 

was faster than 8-5 and '-a cleavages in the dimeric model compound 

investi gated. 

Schultz, Preto, Pittman and Goldstein (1982) extended previous investigations 

of depolymerization/hydrogenolysis of hydrochloric and sweetgum lignin as 

reported in Section III. 2. 2. 3, by investigating the hydrotreating of this 

lignin in tetralin as a hydrogen-donor solvent. The temperature range of 

375°-425°C was investigated. Comparisons were made with anthracene as a non-

hydrogen donor sol vent. A maximum yield of moncmeric phenols of l' % was 

found. Cleavages of ether and C-a and C-8 bonds were the main thermal 

depolymerization reactions. The reaction kinetics were found to be first 

order with an acti vation energy of 24 kcal. The addition of a heterogeneous 

catalyst did not increase the yield of monomeric phenols. 
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The maximum yield of soluble phenolics was found to be approximately 35% 

(Schultz et al., 1982), which compares well with 37% fotmd by Connors et al. 

(1980) from kraft lignin. While the total yields of phenolics from these two 

studies were similar, the detailed composi tion of the phenolic compotmds 

showed some differences. High yields of p-methylphenol were reported by 

Connors et al. (1980). Schultz, Preto, Pittman, and Goldstein (1982) fotmd 

catechol and p-,methylcatechol in amounts greatOer than those found for p­

methyl-phenol. Schultz et al. suggest that these larger values for p­

methylphenolmay be analytical errors. It is more likely that the differences 

in product distribution reflect the structural differences of the starting 

materials--an acid hydrolysis hardwood in one Qase and a commercial softwood 

kraft lignin in the other. Differences in the work-up procedures employed 

could also affect the yields of the various fractions. 

Davoudzadeh, Smith, Avni and Coughlin (1985) ·have investigated the 

depolymerization of alkaline-extracted steam exploded aspen lignin as well as 

a few experiments using Westvaco's kraft Indulin, at low pressure using 

primarily tetralin as hydrogen donor solvent, in the absence and presence of 

.various heterogeneous catalysts (such as Pd/Alumina, Cr203' Ni-Mo/alumina, 

. NiO/Si02 AR.203 , NiO-Mo03 /alumina) and a homogeneous catalyst AR.CR.3• The 

reaction hydrogen pressure was 120 atm and the reaction time 3 hours 

at300 o C. An Autoclave Engineering, Inc. autoclave (1000 ml) was employed with 

a stainless steel magnetic stirrer. Lignin samples were about 20-50 g in 

about 200-500 ml solvent. The liquefaction of lignin was measured as a 

conversion yield YF defined as (MLO-MLf)/MLOX100, where ML
O = mass of lignin 

at the beginning of the experiment; MLf =. mass of filter~d and dried residue 

after reaction. The conversion yield in the absence of catalysts was about 

30%. The yields of liquefied materials increased to 37-38% (Cr203 , Si02-

At203, Ni-Mo), 40-41% (Mn02, NiO), 47% (AiCt3 ) and 52% (NiO-M003) when 

catalysts were used. 

At one atmosphere hydrogen, in the 110o-200o C range, only about 25% of the 

lignin was converted to liquid regardless of the presence of phenol, tetralin 

or catalysts. At 300°C, in the presence of tetralin, about 39% conversion was 

observed. The yields of recovered materials increased if phenol or guaiacol 

were added to the solvent. In the presence of phenol, a new conversion yield 
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was defined as (MO-Mp)/ML °xl 00 where MO is the mass of distillables (includes 

phenols) and Mp is the mass of added phenol. This yield was 63% in the 

presence of phenol. - By raising the temperature from 300o"'400oC, in 

experiments with tetralin, yields (YF) as high as 90% were obtained. The 

steam exploded lignin gave higher conversion yields than kraft 1 ignin. Some 

reaction products were identified by mass spectral patterns (computer 

searches, no comparison with authentic product's), such as methoxyphenols, 

eresols, alkyleresols, guaiacol, anisole, etc. 

products quantitation was given. 

Unfortunately, no phenolic 

III.3 REVIEW OF PETROCHEMICAL/COAL TECHNIQUES APPLIED TO LIGNIN HYDROTREATING 

:0:11.3. 1 Inventa A. -G. fUr Forschung und Patentverwertung 

During the 1950's a number of patents were issued to Johann Giesen and Inventa 

A. -G. fUr Forschung und Patentverwertung in which -they produced a distillable 

product that contained phenols, by hydrogenolysis of lignin at high 

temperatures (300o-380 0 C) and pressures (350-680 atm). Most of the processes 

used "Schaller lignin" which is obtained by the saccharification of wood with 

dilute sulfuric acid. Concentrated sulfite liquor was also used (Inventa 

1955a). In the earliest work, (Inventa 1955a), catalysts were- of a copper or 

cobalt chromi urn oxide type ,e.g. copper chromate, Adkins catalyst (see 

III.2.2.2) (Giesen 1956b), etc. Generally a mixture of lignin, catalyst and 

water (approximately 3:1:5 weight ratio) was processed with hydrogen in a 

stirred autoclave at pressures of 350-680 atm and 300°-340°C for about 6 

hours. Hydrogen uptake of about 1.5 moles of hydrogen per 100 g of lignin 

charged were observed. A phenolic distillate (boiling point ~275°C/-15 mrnHg) 

cOuld be obtained in yields up to 50%. About 75% of this distillate was 

soluble in aqueous alkali which, plus some catechols, allowed them to claim 

phenolic yields of 30-40% based on the lignin charged. 

In later work, (Inventa 1956b; Giesen 1959), the scale of the process was 

increased from about the 200 g level up to approximately 10 kg of 1 ignin per 

run. The reactor was also changed frolJl the stirred· autoclave to a tubular 

flow through reactor in which high conversions of lignin were obtained in a 

single pass. The reactor was connected into a system (Fig. 3-4) that allowed 

separation of products and recycle of hydrogen. The catalyst was also changed 

to ferrous sulfate. As Scholler lignin contains dilute sulfuric acid, calcium 
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Fig. 3-4. Process Diagram fer Cleavage of Lignin to Produce Phenols. 
Inventor J. Giesen (1959). 
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hydroxide was added to neutralize it. Xylenol was added as a dispersion 

vehicle. Thus to about 10 kg of Scholler lignin, 0.24-1 kg of catalyst, 0.5 

kg of calcium hydroxide, and about 40 kg of xylenol were added to make a thin 

p~te which could be fed continuously by means of a high pressure pump to the 

inlet of the tubular reaction chamber where it .was mixed wi th hydrogen. The 

reactor was maintained at temperatures above 250°C and pressures greater than 

300 atm. When operated at 300°-350°C and 680 atm with residence times in the 

reactor of 0.6-1.2 hours a phenolic distillat.e (boiling· point ~350oC/6mm Hg) 

could be obtained in yields of up to 60%. In the absence of the catalyst 

lower yields (about 47%) of phenoli c distillate were obtained W'lder similar 

conditions (Giesen 1957a; Giesen 1961 j. Distillates produced wi thout use of a 

catalyst were claimed to contain more than 40% of phenolics giving a yield of 

about 20% of phenols based on the lignin charged. In none of these patents is 

the high capital cost of the equipment necessary to handle such high pressures 

(680 atm) addressed. These pressures are higher by a factor of 5-10 than 

those employed in the bulk of the work reviewed in this report. 

Another patent (Ploetz et al. 1963), describes the hydrogenation of a 

precipi tated, purified (~1 % ash) lignin from black liquor suspended in fi ve 

times as much of a liquid obtained form previous hydrogenations. The lignin 

was processed in a two-stage treatment, initially at 430°C for 12 minutes and 

then at 480°C for 1 hour, both with a hydrogen partial pressure of 410 atm. 

The products were 21 % of low boiling phenols (consis ting of 15% phenol t 45% 

cresols, and 40% higher molecular weight phenols), 28% of neutrals, 8% high 

boiling point oils, 26% gaseous products and 18% water. 

In other work (Giesen 1955b), thiomolybdate and thiotW'lgstate catalysts were 

used to convert sulfite spent liquor lignin to an oily distillable product 

(20% yield) containing 35% phenols. This was accomplished by treating one 

liter of sodium hydroxide neutralized spent sulfite liquor containing 234 g of 

dry lignin, with ammonium thiomolybdate at 300 atmospheres of hydrogen and 

250°C for 5 hours. 

111.3.2 Noguchi Institute of Ja~ and Crown Zellerbach Corporation Process 

The ini tial discovery by the Noguchi Institute of Japan of a method for 

converting lignin into monophenols and its development with the Crown 
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Zellerbach Corp. have already been well reviewed (Goheen 1966a). 

During the '50's, the Noguchi Institute of Japan applied their experience in 

coal hydrogenation to the liquefaction of lignin. All of the early work was 

carried out using lignosulfonates mixed with a variety of sol vents such as 

petroleum (Oiwa 1959), phenol, cyclohexanol, tetralin (Kashima 1961a) and most 

often a lignin tar recycled from previous experiments. A wide range of 

hydrogenating conditions were covered by the patent (Oshima 1961) including 

250-450 oC and 150-450 atmospheres but more typically 380°-430°C and 160-200 

atmospheres were used. Most of this early work was carr.ied out batchwise in 

a.n autoclave with continuous agitation. The catalyst was developed over 

several years starting simply with Fe(OH)3 (Oiwa 1959), later mixing it with 

sulfur (Kashima 1962) and also modifying this catalyst with other metals e.g., 

FeS activated with eu (Oshima 1961); Fe(OH)2' Zn(OH)2 and S [Fe:Zn:S = 10:1 :11 

mole ratio (Noguchi 1963) J, until what became their standard catalyst was 

developed (Oshima 1966) a mixture of iron, copper, tin and sulfur (10:1:1 :12 

atomic ratio) powder that was ball milled in water for one day. The desired 

products were monophenols (e.g. phenol, cresols, ethylphenols, xylenols and 

propyl phenols ) in typical yields of about 28%. Also formed were acetone, 

methanol and various aromatic hydrocarbons (e.g. xylenes, ethyl benzene and 

propylbenzene). There was always a certain amount of higher boiling pitch 

formed (Oshim9- 1966b). 

A pilot plant process for producing monophenols was developed using lignin 

from spent sulfite liquor that was desulfonated by a two-stage treatment with 

calcium hydroxide and sulfur dioxide. The lignin mixed with a pasting oil 

(usually phenol) and the standard catalyst (1-10% of the lignin) was 

hydrogenated in a stirred autoclave at 370°-430°C with hydrogen at 100 atm or 

more for 0.5 to 4 hours. A yield of about 44% of monophenols (phenol, 

cresols, p-ethylphenol and p-propylphenol) was claimed with an additional 20-

24% heavy oil suitable for recycling as pasting oil. 

In 1961 Crown Zellerbach Corp. obtained an option on the Noguchi process and a 

great deal of work was carried out trying to make it economically viable, 

resul ting in one patent being issued to Crown Zellerbach (Goheen 1966b). One 

of the major problems with the process was that mono phenol yields were not as 

high as claimed because the phenol used as sol vent was incorporated into the 

66 



DRAFT . I 

products by alkylation. Other substances such as diphenyl ether, anthracene 

oil and toluene were tried unsuccessfully, even recycled, liquefied "green" 

lignin tar (boiling point ~2400C) had similar problems to those of phenol. 

The best pasting oil that was found was obtained by exhaustively hydrogenating 

the "green" liSt:lin tar to stabilize it. Past~ oil recoveries of ~1 00% and 

mono phenol yields of 21-23% were then obtained. The monophenol products 

consisted of phenol (- 3% yield), cresols (- 10%), ethylphenols (- 4%), 

propyl phenols (- 2%) wi thsmall amounts of 2 t 4- and 2, 6-xylenols (- 2%). It 

was originally thought that the cresols could be obtained as almost pure p­

cresol, but, in fact, a mixture of cresols was always formed that was very 

difficult to separate. The ratio of the isomers was strongly affected by the 

pasting oil. When phenol was used, a 97:3 ratio of the p- to m- ratio was 

obtained mostly because p-methylation of phenol was strongly favored over 

m-. When the stabilized lignin tar was used, the isomeric ratio was roughly 

1 : 1, whi ch was another adverse economi c factor. A small amount (- 1 3%) of 

phenol was reintroduced into the pasting oil to improve the meta:para ratio 

(to 12 :88). 

To try to further improve the process economics, different lignin preparations 

were experimented with to decrease the cost of the lignin feed. The Noguchi 

lignin produced by a two-stage process cost about 3 cents per pound. Poor 

results were obtained using just dried sulfite waste liquor solids. 

Considerable work was performed using a 55% concentrate of desugared calcium 

base-spent liquor. Eventually this lignin feed was abandoned because the 

presence of so much water kept the operating pressure too high. A 

modification of the original Noguchi lignin preparation was then developed 

that could be carried out in a single stage. The desugared liquor was heated 

with lime in an autoclave at 200°C and then deashed with sulfur dioxide. This 

method required only one filtration and gave a higher lignin yield from the 

spent liquor so that desulfonated deashed lignin could be prepared at less 

than 1.5 cents per pound. Precipitated kraft lignin and wood flour were run 

also but gave lower yields of monophenols. 

The standard Noguchi catalyst was compared with a number of other materials to 

find a better catalyst (Oshima 1966). Selenium was found to give high yields 

of neutral materials and low boilers with twice as much gasification as the 
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Zellerbach Corp. have already been \iell reviewed (Goheen 1966a). 

During the '50's, the Noguchi Institute of Japan applied their experience in 

coal hydrogenation to the liquefaction of lignin. All of the early work was 

carried out. using lignosulfonates mixed with a variety of solvents such as 

petroleum (Oiwa 1959), phenol, cyclohexanol, tetralin (Kashima 1961a) and most 

often a lignin tar recycl~d from previous experiments. A wide range of 

hydrogenating conditions were covered by the patent (Oshima 1961) including 

250-450 oC and 150 .... 450 atmospheres but more typically 380°-430°C and 160-200 

atmospheres were used. Most of this early work was carried out batchwise in 

an autoclave with continuous agitation. The catalyst was developed over 

several years starting simply with Fe(OH)3 (Oiwa 1959), later mixing it with 

sulfur (Kashima 1962) and also modifying this catalyst with other metals e.g., 

FeS activated with Cu (Oshima 1961); Fe(OH)2' Zn(OH)2 and S [Fe:Zn:S = 10:1 :11 

mole ratio (Noguchi 1963)], until what became their standard catalyst was 

developed (Oshima 1966) a mixture of iron, copper, tin and sulfur (10:1:1 :12 

atomic ratio) powder that was ball milled in water for one day. The desired 

products were monophenols (e.g. phenol, cresols, ethylphenols, xylenols and 

propylphenols) in ~ypical yields of about 28%.. Also formed were acetone, 

methanol and various aromatic hydrocarbons (e.g. xylenes, ethylbenzene and 

propylbenzene). There was always a certain amount of higher boiling pitch 

formed (Oshima 1966b). 

A pilot plant process for producing monophenols was developed using lignin 

from spent sulfite liquor that was desulfonated by a two-stage treatment with 

calcium hydroxide and sulfur dioxide. The lignin mixed with a pasting oil 

(usually phenol) and the standard catalyst (1-10% of the lignin) was 

hydrogenated in a stirred autoclave at 370°-430°C with hydrogen at 100 atm or 

more for 0.5 to 4 hours. A yield of about 44% of monophenols (phenol, 

cresols, p-ethylphenol and p-propylphenol) was claimed with an additional 20-

24% heavy oil suitable for recycling as pasting oil. 

In 1961 Crown Zellerbach Corp. obtained an option on the Noguchi process and a 

great deal of work was carried out trying to make it economically viable, 

resulting in one patent being issued to Crown Zellerbach (Goheen 1966b). One 

of the major problems with the process was that monophenol yields were not as 

high as claimed because the phenol used as sol vent was incorporated into the 
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products by alkylation. Other substances such as diphenyl ether, anthracene 

oil and toluene were tried unsuccessfully, even recycled, liquefied II green" 

lignin tar (boiling point i::2400C) had similar problems to those of phenol. 

The best pasting oil that was found was obtained by exhaustively hydrogenating 

the "green" lignin tar to stabilize it. Paste oil recoveries of ~1 00% and 

mono phenol yields of 21-23% were then obtained. The monophenol products 

consisted of phenol (- 3% yield), cresols (- 10%), ethyl phenols (- 4%), 

propylphenols (- 2%) with small amounts of 21 4- and 2,6-xylenols (- 2%). It 

was originally -thought that the cresols could be obtained as almost pure p­

cresol, but, in fact, a mixture of cresols was always formed that was very 

difficult to separate. The ratio of the isomers was strongly affected by the 

pasting oil. When phenol was used, a 97:3 ratio of the p- to m- ratio was 

obtained mostly because p-methylation of phenol was strongly favored over 

m-. When the stabilized lignin tar was used, the isomeric ratio was roughly 

1:1, which was another adverse economic factor. A small amount (- 13%) of 

phenol was reintroduced into the pasting oil to improve the meta:para ratio 

(to 12:88). 

To try to further improve the process economics, different lignin preparations 

were experimented with to decrease the cost of the lignin feed. The Noguchi 

lignin produced by a two-stage process cost about 3 cents per pound. Poor 

resul ts were obtained using just dried sulfite waste liquor solids. 

Considerable work was performed using a 55% concentrate of desugared calcium 

base-spent liquor. Eventually this lignin feed was abandoned because the 

presence of so much water kept the operating pressure too high. A 

modification of the original Noguchi lignin preparation was then developed 

that could be carried out in a single stage. The desugared liquor was heated 

with lime in an autoclave at 200°C and then deashed with sulfur dioxide. This 

method required only one filtration and gave a higher lignin yield from the 

spent liquor so that desulfonated deashed lignin could be prepared at less· 

than 1.5 cents per pound. Precipitated kraft 1 ignin and wood flour were run 

also but gave lower yields of monophenols. 

The standard Noguchi catalyst was compared with a number. of other materials to 

find a better catalyst (Oshima 1966). Selenium was found to give high yields 

of neutral materials and low boilers with twice as much gasification as the 
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standard catalyst. Tellurium and zinc iodide both gave much higher yields of 

pitch residue. Comparable performance to the standard catalyst was observed 

using nickel sulfide, nickel oxalate and Raney iron comparing liquefaction and 

pitch yields. Mixtures of ferrous sulfides with sulfides of Mo, Mn, Cd, .V, 

Ce, Ag, Pb, ·Bi, Sb, and Hg were also less effective than the Noguchi catalyst 

(Goheen 1966a). A cobalt activated molybdenum sulfide catalyst gave good 

liquefaction yi elds but produced large amounts of neutrals. Iron phenoxi de 

and a chelated iron catalyst were also poor catalysts. Zinc oxide was 

slightly inferior to the standard catalyst while zinc. sulfide, boron and 

sulfur alone showed no activity at all. Preliminary examination indicated 

higher activities for cobalt sulfide, cobalt octacarbonyl, iron pentacarbonyl 

and ammonium molybdate. The cobalt compounds wer.e too expensive to warrant 

further investigation. From a commercial point of view considering the phenol 

yield and the recovery of pasting oil (100%) the catalysts iron pentacarbonyl 

and ammonium molybdate were almost identical to the standard catalyst. Thus, 

no change was made in the choice of catalyst because of the lower cost of 

preparing the standard catalyst. All of these catalysts were used in their 

pure form without use of a support. 

Apart from one reference (Kashima et al. 1963) to a continuous process, all 

the work was conducted batchwise in stirred or rotated autoclaves. It was 

found that agitation was very important. Only when the impeller shaft was 

lengthened so that there was only a 1 III inch clearance of the reactor bottom 

and when the blade was designed to have a scooping action was good performance 

achieved. This was probably because of the necessity to have the catalyst 

powder well mixed into the liquid phase in the reactor. 

The parameters time, temperature, and pressure of reaction were varied to 

devise a more economic process. Initially the process was carried out in two­

stages of 2 hours each, with addition of fresh catalyst and hydrogen before 

the second stage. It was then found that only a single stage of two hours was 

necessary. The reactor was initially charged with hydrogen to 110-125 atm 

while it was cold. The pressure then was allowed to rise as it was heated so 

that an operating pressure of 250-290 atm was attained at the normal operating 

temperature (-ll30 0 C). Later work showed that a final pressure of 170 atm was 

sufficient. A programmed rise in temperature and pressure was also found to 
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be unnecessary. Later work showed that reaction times of 1 hour and half an 

hour were as good as 2 hours. Combinations of short times (down to 5 minutes) 

and high temperatures (up to 475°C) were experimented with until an optimum 

temperature (450°C) and optimum time (15 minutes) were chosen. The reaction 

time could' be further shortened to 5 minutes.if the lignin to pasting oil 

ratio was decreased from 1 :1.3 to 1 :2. One negative aspect of using shorter 

reaction times and higher temperatures was the effect on the m- to p- ratio of 

cresols for~ed. Using the new conditions th~ m-:p- ratio was increased from 

15:85 (using 13% phenol in the pasting oil) to 35:65. Doubling the phenol 

content of the pasting oil did not substantially change this ratio. 

The original Noguchi product separation procedure involved atmospher~c 

pressure distillation to remove water and light oil followed by a difficult 

reduced pressure distillation of the monophenols and lignin tar pasting oil 

from the non-volatile residue. This work-up was also improved upon by 

initially filtering or centrifuging insoluble materials from the crude mixture 

found in the autoclave at the end of a reaction. After the atmospheric 

pressure distillation and reduced pressure distillation of the monophenols, 

the residue could then be used directly as the pasting oil. A further 

improvement was to decrease the amount of catalyst used (from 7% to 3%) and 

then only filter every two cycles. The residue from the distillations plus a 

make-up of 1% of catalyst were then used in the pasting oil. Thus, the 

recycled oil could be used for many cycles before high boilers or pitch needed 

to be removed and catalyst usage was kept down to 2% per cycle. 

Thus the 'original Noguchi process was refined and operating costs re,duced by 

using cheaper lignin, lower pressure, shorter reaction time and improving the 

product separation. After removal of the phenol used in the pasting oil by 

fractional distillation of the mono phenol cut, the remaining monophenols were 

extracted from the neutrals with 10% sodium hydroxide. Tables 3-16 and 3-17 

show the yields of all products and specifiC monophenols formed 

respecti vely. Economic evaluation of the process still showed that it could 

not be used to produce pure phenol and cresols profitably despite the 

substantially reduced costs mostly because of a lower charge of lignin solids 

to the reactor and the lower yield of p-cresol. In addition, the steady and 

drastic decline in monophenol prices over the several years of process 
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Table 3-16. Product yields (S) based on net organic content in the lignin 
charge (Goheen 1966 ). 

Product 

Gas 
Water 
Light Oils 
Monophenols 
Neutrals 
Excess paste oil (boiling point ~2400C) 

Yield, wt. % 

17.5 
27.5 
5.0 

21.0 
9.0 

20.0 

Table 3-17. Monophenol yields (S) based on net organic content in the lignin 
charge (Goheen 1966 ). 

Phenolic Compound 

Phenol 

o-Cresol 

m,p-Cresol 

o-Ethylphenol 

p-Ethylphenol 

p-Propylphenol 

2,4-Xylenol 

Unidentified phenols 

Total 

70 

Yield, wt % 

3 

4 

6 

3.25 

2 

1.25 

0.5 

21 .0 
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development contributed to make the proces's less attractive at that time. 

Combining this process with those for forming dimethyl sulfide and vanillin 

was also evaluated but no advantages were found. 

111.3.3 Hydrocarbon Research, Inc. (HR1) 

111.3.3.1 Description of Patents 

HRI first studied the production of monoaromatics via lignin hydrocracking in 

the '60's. Between then and 1983 they published a number of papers and were 

issued several patents on a process they designed, based on coal technology, 

in which lignin was cracked to a mixture of products including phenols and 

benzenes in a continuous ebu1lated bed reactor. HRI also registered the 

Li gno1 ™ process in which the hydro cracking process was to be coupled to 

hydrodea1ky1ation so that the major products would be phenol and benzene 

themselves. 

Although the scope of the patents covers a large ran~e of conditions for the 

cracking of lignins into phenols and benzenes, two distinctly different 

processes are described in detail. In the earliest patents a process for the 

catalytic hydro cracking of lignosulfonates, slurried in a heavy oil recycled 

from the reactor, is described. The bulk of the reported work details the 

hydrocracking of kraft lignin in a similar manner using an ebu1lated catalyst 

bed reactor. Contrastingly, the cracking of kraft lignin to phenols was also 

reported at much higher temperatures using a series of two f1ui dized bed 

reactors without slurrying oil, hydrogen or a hydrogenati ry.g catalyst but 

instead with a diluent gas such as steam and a particulate carrier material 

such as char. The goal of all these processes was to produce phenol in as 

high a yield as possible. Phenol has a higher value than benzene; in 

addition, at the time, no uses for mixtures of alkylated phenols and benzenes 

were proposed. 

The process using 1ignosulfonates is the largest scale operation that has been 

described in any detail, processing lignosulfonate at a rate of 100 pounds per 

hour (Alpert and Schuman 1 970, 1972) '. The use of 1ignosu1fonates with a 

variety of cations including ammoni urn, alkali and alkaline earth metals was 

covered in the patent. The 1ignosulfonate was slurried with a recycled heavy 

oil and then mixed with hydrogen and possibly fresh catalyst before being fed 
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to the reactor, as shown in Fig. 3-5. .The gas and slUl"ry were maintained at 

such a flow rate as to keep the catalyst in constant tUl"bulent motion whilst 

retaining the expanded catalyst bed in the reactor. These early 

lignosulfonate patents covered operation of the reactor from 150°C to 450°C 

and 20 atm to 140 atm. 

A wide variety of hydrocracking catalysts are mentioned in the patents, 

usually oxides or sulfides of metals from groups V, VI and VIII supported on 

neutral or acidic supports such as alumi~a, silica-alumina or alumina 

activated with fluoride. Those catalysts particularly covered by the patents 

are those consisting of - iron, cobalt, molybdenum or chromit!~ and mixtUl"es 

thereof supported on alumina. It is mentioned that whereas the use of an iron 

(20-50 wt %) on alumina catalyst will favor formation of monophenols, use of 

cobalt (1-5 wt % of the oxide)/molybdenum (10-15 wt % of the oxide) on alumina 

will favor cyclohexane and benzene formation. It should be remembered that 

because of the sulfur content of the lignin all these catalysts will be fully 

sulfided in the reactor. The only detailed comparison of catalysts comes from 

work using a lignin model, diphenyl ether as feed. The reactor employed for 

these studies contai.ned the catalysts in a fixed bed. Despite the limitations 

of diphenyl ether as a model compound, this study ·did show that a 

cobal tlmolybdenum on alumina catalyst was much better at reducing aromati c 

rings to cyclohexanes than iron (20%) on alumina which at 70 atm and 427°C 

gave the highest net yield of phenol (35%) with a reasonable diphenyl ether 

conversion (40%). HRI claimed that catalysts could be used in pelletized or 

extruded form with 1/16 inch diameter or less. The catalyst was also 

effective as particles in the size range of 15 to 270 mesh although preferably 

as 30 to 200 mesh. Catalyst replacement rates were always less than 0.1 lb of 

catalyst per 100 pounds of feed and normally less than 0.001 lb of catalyst 

per 100 pounds of feed. The extended catalyst bed contained a fairly high 

catalyst concentration of at least 5 lb of catalyst per cubic foot to a 

maximum of 70 lb per cubic foot. It can be estimated from the patent examples 

that between 20 and 30 lb per cubic foot were used. The high catalyst 

concentration was claimed to allow the use of less active, less easily 

poisoned catalysts which were more rugged and less expensive. The catalyst in 

the reactor was described as influencing the hydrocracking of the lignin 
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Fig. 3-5. Schematic of HRI's Lignin Hydrocracking Unit (Gendler et al. 1983). 
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polymer only after lignin had been thermally hydrocracked to lower polymers 

such as trimers to' pentamers. These fragments were then catalytically 

hydrocracked to monomers. The rate of thermal hydrocracking was described as 

much faster than the catalytic hydrocracking. 

In the patent (Alpert and Schumann 1972), it is stated that, after passage 

through the reactor, very little solid material remained, with the lignin 

almost completely converted to liquid and gaseous products which were 

disengaged at the top of the reactor. The l~quid stream, containing a small 

amount of solids, could then be Tecycled back into the reactor with part of it 

being used as the slurrying oil for the fresh lignin feed. Part of thi's liquid 

stream c(\llld also be passed through a separator system to remove the solids 

and heavy liquids from the higher boiling. oxygenated liquids. The high 

boiling oxygenates could also. be recycled back to the reactor or split off as 

product for possible use as fuel oil. 

The primary product of the process was contained in the vapor effluent leaving 

the top of the reactor. After passage through a separator, this stream was 

split into a substantially hydrogen gaseous recycle, a gaseous product stream 

containing light hydroc~bons, and the'primary product stream of low boiling 
, , 

oxygenated liquids and benzenes. The gaseous product stream could be used for 

fuel or, more preferably, to produce hydrogen required in the process. The 

primary product stream could be passed to another separator to separate the 

various phenolic and hydrocarbon components or, as was registered under the 

LignolT~ process, be passed to a hydrodealkylation reactor to give phenol and 

benzene as the major products. 

The details of the example given in the patents for conversion of 

lignosulfonates are given in Table 3-18. The most surprising feature of this 

example is the low temperature C300 o -330 o C) that was used to hydrocrack the 

lignosulfonate. This temperature range is much lower than that used in the 

examples of kraft lignin hydrocracking and even outside the range of the later 

kraft Ii gnin patents. Only a very limited description of the product.s is 

given but a yield of 38% of monophenols is mentioned. At such a low 

temperature the amou!)t of hydrocracking would be quite limited and any 

monophenols formed should be of relatively high molecular weight. 

74 



..... 
lJ1 

Table 3-18. Summary of Hydrocarbon Research, Inc. Results On Lignin Cracking to Low-Molecular Weight Compounds 

T, °C 

P (psig) 

Lignin Feed Rate 
lb/hr 

H2 Feed Rate 
SCF/lb Lignin 
Reactor 
Volume 0.) 

A 

B 

Catalyst 
Metal (wt%) 

Catalyst 
Support 

Catalyst 
Particle Size 
(U.S. Mesh) 

Calcium Patent 
Lignosulfonate Coverage 

-1965 -1971 

300 - 330 150 - 450 

1250 250 - 2000 

100 

143 

-120 

-24c 

Co(l)/Mo(3-10) Fe,Co,Mo 
Cr 

Kraft 
-1965 

440 

1000 

0.33 

O.ll 

23.4 

Fe20 
(20J)3 

A~203 A~203 
A~203/Si02 
AR.203-F 

40 16-270 12-16 

Lignin dilution 1:3.3 
In heavy 011 

1 : 3 

Reactor Continuous 
ebullated 

bed 

Continuous Continuous 
ebullated ebullated 

bed bed 

Kraft 
1981 

440 

1014 

1.0 

1.0 

1.6 

28.3 

Continuous 
ebullated 

bed 

Patent 
Coverage 

1983 

Preferred 
Embodiment 

1983 

340 - 450 370 - 1140 

500 - 2500 600 - 2000 

1.0 - 10 0.3 - 6.0 

oxides of 
Fe,Co,Mo,Nl 

MoO 
(12-18%) 

A~203,Si02 A~203 
or 

AR.203/Si02 
6-35 

Continuous 
ebulla1~ed 

bed 

Continuous 
ebullated 

bed 

References 1,2 1,2 2-6 6 5 5 

a) fast fluidized bed reactor b) slow fluidized bed reactor c) estimated 
A Weight hourly space velocity (WHSV) == Lignin Feed Rate + weight of catalyst (lb/hr/lb) 
B Lignin feed rate· per unit reactor volume (lb/hr/cu.ft) 
See Table 3-20 for Rere~en~SD 

Kraft 
Pyrolysis/ 

Steam Cracking 
-1980 

Steam 
5 ft/s 

Coke/ 
Char 

100-350 

None 

2-stage 
particle 
fluidized bed 
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In the late '60' s, HRI completed a 60 hour run in an ebullated bed reactor 

establishing the feasibility of hydrocracking kraft lignins to hydroxy­

aromatics (Alpert and Schumann 1972). The data on a particular example 

disclosed in this early kraft lignin patent was reproduced many times in 

papers (Huibers and Jones 1980; Parkhurst, Huibers, and Jones 1980) and also 

cited in the later patents in 1983 (Huibers and Parkhurst) where it was used 

to compare HRI's process with the Noguchi catalytic batch hydrocracking 

process (see Section II. 3.2). However, the project was discontinued because 

of the lower cost of petroleum derived phenols. The sharp increase in oil 

pri ces in the '70' s renewed interest in lignin-produced phenols and by 1981 

HRI had completed a seven-day pilot-plant-scale run, hydrocracking 163 lb of 

kraft lignin in a one liter, continuous ebullated-bed reactor (Gendler, 

Huibers, and Parkhurst 1983). 

There is little difference in the conditions covered in the patents on the 

hydrocracking of lignosulfonates and kraft lignins except for an increase in 

the lower limit of the temperature (from 150°C to 340 0 C) at which the process 

should be operated. The same sort of difference can be seen· in the examples 

used in the patents. All examples of. ,hydrocracking kraft 1 ignins have the 

reactor at. 440°C compared to the lignosulfonate example which employed only 

300°C. This low temperature process used a cobalt/molybdenum on alumina 

catalyst to produce at least 35 weight percent of benzene and cyclohexane. It 

is cited that lignosulfonate was hydrocracked at higher temperature (-400 0 C) 

with iron (20%) on alumina to yield 35 weight percent of monophenols. Thus 

there seems to be some discrepancy between the example and the text of the 

patent, but it would appear the processes for hydrocracking lignosulfonates 

and kraft lignins were ostensibly the same. From the published information on 

the work carried out in the '80's and the patents of that period, there was 

one major change in the process for hydrocracking kraft lignins to phenols, 

from the process developed in the '60' s, and that was in the preferred 

catalyst. To hydrocrack kraft lignin to monophenols the catalyst of choice 

from the early work was iron (20%) on alumina, the later patents describe 

molybdenum oxide (12-18%) on alumina as the preferred catalyst because it 

leads to less hydrogenation thus giving lower yields of cyclohexanes and other 

sat urated hydrocarbons. The product .slate detailed for the kraft lignin 
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process in the '60's is fairly similar to that of the '80's process if the 

projected phenol composition for complete lignin conversion is used as can be 

seen in Tables 3-19 and 3-20. The main differences are the decreases in gas 

and neutral fraction yield at the expense of increased yield of the heavy 

liquids (boiling range 240°-425°C). The yield of the phenolic fraction 

remained about the same at about 37%. The major difference in the types of 

phenols produced was an increased proportion of phenol and decrease in propyl­

phenols in going from the process of the '60's to that of the '80's. This was 

probably due to the change in catalyst. Ethyiphenols were the major phenolic 

products. 

In all this work the ebullated bed reactor was expounded as an excellent 

reactor for the catalytic hydrocracking of lignins. Upward pumping of the 

slurry/gas mixture through the tubular reactor expanded the catalyst bed to 

occupy a volume at least 10% greater than in its settled state, maintaining 

the catalyst in constant turbulent motion. HRI suggests that these features 

lead to good temperature control of the reactor, good contact between lignin, 

hydrogen and catalyst, and ease of replacement of spent catalyst in a 

continuous or semi-continuous manner. This reactor deSign is also described 

as being optimal for separation of the products, which are vapors· that are 

swept from the reactor with the excess hydrogen, leaving the catalyst which 

remains in the reactor. 

III.3.3.2 Economic EvaluatiOns of the LignolT~Process 
An economic analysis of the Lignol™ process was published in 1980 (Huibers 

and Jones) and then later updated (Parkhurst, Huibers, and Jones 1980). This 

analysis was based on the estimate that kraft lignin could be processed to 

yield 20.2 wt% phenol, 14.4 wt% benzene, 13.1 wt% fuel oil and 29.1% fuel gas. 

For a Lignol™ facility processing 160,000 ton/yr of kraft lignin a total 1979 

capital investment of $37.6 million was calculated based on the process scheme 

shown in Fig. 3-6. Hydrogen would be produced in the plant (see Fig. 3-6) at 

15.8 MMSCFD. It was assumed that all hydrogen· and process fuel requirements 

would be supplied from the lignin derived oil. Revenues came from production 

of 65 million lb/yr of phenol at 30¢/lb, 6.4 mill ion gal/yr of benzene at 

$1 .501 gal and 500 billion BTU/yr of fuel oil at $3/MMBTU. Wi th a total 

production cost of $14.9 million a 20% return on total investment could be 

77 



Table 3-19. Product Yields as Weight ~ of Lignin Charged. 

Calcium Kraft Kraft Pyrolysis/ 
Lignosulfonate . Kraft Kraft Predlcteda Steam Cracking 

-1965 -1965 1981 1981 1980 

Gases 25.2 15.1I 17.8 37.0 

Water 17.9 18.8 16. B 

Neutrals ;S2110oC 14.0 ) 10.8 1.7 
) 23.3 

Phenols ~2110oC 38 37.5 ) 37.1I 49.6 

Heavy Liquid 240o-1I25°C !t2 ) 23.3 2200 11.7 
) 11.1 

Residue ~JI25°C 20 ) 23.3 

..... Calculated Hydrogen Consumption 5.7 !t. 1 !toB 00 

References 1 .2 2-6 6 6 7 

a) Yields if all the tar was converted. 

See Table 3-20 for References. 



Table 3-20. Phenol Yields as Weight J of Total Phenols. 

Kraft Kraft Pyrolysis! 
Kraft Kraft Predicteda S·team Cracking 
-1965 1981 1981 1980 

Phenol 6.5 16.2 14.4 22.8 

o-Cresol 3.6 3.8 5.7 

m-Cresol 11.9 ) ) 18.1 
) 25.8 ) 20.7 

p-Cresol 9.7 ) ) 39.9 

Ethyl phenols 33.2 29.6 31.8 

Xylenols 7.0 6.2 9.5 

Propyl phenols 28.0 18.4 17.9 

Catechols 19.2 

Calculated Hydrogen 
Consumption 5.7 4.1 4.8 

References 2-6 6 6 7 

a) Yields if all the tar was converted. 
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Fig. 3-6. LignolT~ process scheme. Conversion or kraft lignin into phenol, 
benzene, ruel oil, ruel gas with sulrur recovery and hydrogen plant (Huibers 
and Jones 1980). 
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realized provided lignin cost was roughly 5¢/lb. It was estimated that if the 

phenol yield of the Lignol™ process could be improved from 20 to 38% then a 

pri ce for kraft 1 ignin of 7¢/lb could be acceptable. It was noted that the 

economics of lignin hydrocracking could be much more attractive if markets for 

alkylphenols could be found. 

A more recent evaluation of the conversion PI~ocess-wood-to-butanol, acetone, 

ethanol (ABE) through fermentation of intermediate sugars produced in the 

wood-carbohydrate hydrolysis was performed by Chem Systems, Inc. (1984). 

These analysts calculated the costs of the ABE fermentation. In addition, 

various options were included in the analyses such as continuous fermentation 

and the use of the lignin fraction to generate phenol and benzene by the 

LignOIT~ process. These authors adapted the kraft lignin process and deleted 

the sulfur recovery and the hydrogen plant from the scheme in Fig. 3-6. 

Simplifying assumptions were made because of lack of data on the real lignin 

system. They assumed that the lignin produced in this process would give the 

same yields of phenol, benzene, fuel gas and fuel oil mentioned above for 

kraft lignin. They provided make-up hydrogen to the plant at a cost and used 

the fuel oil and fuel gas to meet all steam requirements for both the LignolTM 

process and other ABE fermentation plant sections. Figures 3-7 and 3-8 show 

the process flow sheets employed by the Chem Systems, Inc. analysts. They 

credited 10.9 wt% based on original lignin net fuel for process steam and used 

18.2% to meet all LignOIT~ process steam requirements. All fuel gas produced 

(13.1 %) w~s used to generate process steam for other parts of the plant (not 

for hydrogen production by steam reforming). 

The comparison of the base fermentation case with the addition of the LignOlTM 

process is made in Table 3-21. The selling price at 10% discounted cash flow 

is reduced by about 10¢/gal with the LignOlTM process. The ertergy 

requirements with the LignolT~ process is only 60% of the energy required in 

the base case alone. The inside battery limits investment for the 

fermentation and LignolTM process can be broken down as follows: 

1) Raw materials + pretreatment = 21.2% 

2) Enzyme sections (production and hydrolysis) + fermentation = 17% 

3) Purification of products and CO2 recovery = 11.7% 
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Table 3-21. Process Economics Data For a 50 Killion Gallon/year Plant Wood­
to-acetone, butanol, ethanol. (Chem Systems, Inc. 1984) 

u.S. Gulf Coast/Louisiana Mid 1982. 

Investment $MM 

Battery Limits 
Off Sites 
Total Fixed Investment 

Cost of Production, ¢/gal 

Raw Materials 
Utili ties 
Operating Costs 
Overhead Expenses 
By-Product Credit 

Cash Cost of Production 

Depreciation 
Net Cost of Production 

SellJng Pri ce @1 0% DCF 

Energy Consumption 
MBTU/Gal Product 

Base Case 

92.8 
97.3 

190.1 

86.59 
43.37 
15.16 
17.37 

(23.20) 

139.28 

56.58 
195.85 

259.8 

107.4 
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Lignol 

135.6 
89.8 

225.4 

104.01 
36.88 
20.29 
21.76 

(71.58) 

111. 37 

72.20 
183.57 

249.4 

65.4 
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4) LignolTM = 25.2% 

5) Overhead and Contingencies = 24.9% 

The evaluation is obviously simplified and the error limits are certainly 

higher than ±35%. Evaluations of the wood-to-ethanol processes taking into 

consideration the Lignol ™ process, including· a hydrogen generation plant· 

(l'ather than purchase of hydrogen), should be made. The recovery costs and 

fermentation system in the ABE system are also quite different from ethanol 

.~- manufacture. 

111.3.3.3 Comparison of" Lignin 
Fluidized-Bed Pyrolysis 

HydrocrackinglHydrodealkylation with 

A much differ~nt process was described in a 1983 HRIpatent (Snell and Huibers 

1983) in which kraft lignin was cracked at high temperature in a two-stage 

fluidized bed reactor system as shown in Figure 3-9. In this process a lignin 

containing material (70-95 wt% lignin) such as obtained by precipitating kraft 

lignin from black liquor, was pressurized and mixed with a diluent gas such as 

steam or process gas. The material was then preheated (200°-315°C) and fed 

into the first reactor containing refractory chars or. carbonaceous carrier 

materials (melting point ~11000C) maintained in a fast fluidized bed 

condition. Cracking conditions in the bed were maintained at 650° ~o 925°C 

and 2 to 11 atm. High superficial gas velocities (5-20 ftl s ) were used to 

keep resi dence times in the 0.3 - 3 second range. Superheated steam was 

supplied to the reactor to provide fluidizing gas and control the hydrogen 

partial pressure. The solids density of the fluidized bed should be at least 

3 lb/cu ft and usually in the range 5-25 lb/cu ft. The effluent product 

vapors with entrained coke-ladened carrier material, exited the reactor and 

were separated in two stages. The separated vapor was quenched wi th a 

compatible quench liquid and then fed to other recovery unit processes. The 

separated solids were fed into a second slow fluidized bed (upward superficial 

gas velocity 0.3 - 3 ft/second) where the coke was burnt off the' carrier 

material (at 750° to 11000C) with air and superheated steam producing a flue 

gas. The decoked carrier material was then recycled to the fast fluidized bed 

reactor. 

The example given in the patent is summarized in Tables 3-18, 3-19 and 3-20. 

It can be seen that a large amount of gas is produced which mostly consists of 
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carbon monoxide, carbon dioxide and ethylene as in other fast pyrolysis 

processes. There is also a high yield of phenolic products mostly phenol, 

cresols and catechols. No higher molecular weight phenols were reported in 

the patent. If secondary reactions are minimized the prinCipal product was 

methyl catechol. With increased process severi t.y methyl catechol was further 

cracked to phenol, catechol, cresols, toluene and benzene. 

This process is much different from the Lign01TM process but appears to offer 

the promise of higher phenolic yields already' cracked to at least the cresol 

level. Comparati ve economic assessment of this process with hydrocracking 

should be made. 

111.3.4 Other Processes - Lignin as Catalyst for Coal or Oil Residue 
lIHydroprocessing 

Morita and Sato (1980) patented a process for co-liquefaction and gasification 

of lignin and coal by hydrogenation (115-675 atm of hydrogen) at 400o -500o C. 

The paste of coal and lignin in a heavy hydrocarbon oil was passed through two 

or more vertical reactor tubes into which streams of hydrogen were introduced 

in a turbulent flow (Reynolds number higher than 104). 

Coughlin and Davoudzadeh (1983, 1985) have investigated co~iquefaction of 

lignin and coal in hydrogen-donor sol vents. These authors found that lower 

temperatures can be used for the depolymerization of coal in the presence of 

lignin. For instance, by adding 35 g of lignin to 15 g of coal (Illinois No. 

6) and 200 ml of tetralin, with 5 g of Si02-AR.203 at 36 atm of hydrogen at 

300°C for two hours, 36% total organi cs were converted to 1 iquids or 43% of 

the coal were converted into solubilized liquid products. Under these 

conditions, 50 g of the coal without lignin gave a much lower conversion (5%) 

to liquid products. Thermal depolymerization of the lignin is believed to 

form resonance-stabilized phenoxy radicals which can attack the coal causing 

cleavage of the aliphatic carbon-carbon bonds in the coal. Lignin model 

compound experiments were also performed. Using guaiacol as a solvent 

increased the coal conversion to up to about 80% under similar conditions. 

A patent assigned to Mobil Oil Corp. covers th~ area of coal liquefaction and 

petroleum residue processing in the presence of lignins (1-10 wt%) (Rudnick 

1983). The conditions indicated in the patent are temperature 600 o -800 o c, 4-

205 atm of hydrogen, and residence times of 0.5-180 min. For coal processing, 

87 



DRAFr 

in the presence of 1-4% lignin, higher quality coal extracts were obtained. 

In the case of petroleum residue processing, addition of lignin (0.1-10 wt%) 

led to higher yields of premium fuel products. 

Another process patented by Nippon (1981 a) used coal fly ash (70 g), lignin 

(150 g) and bamboo sawdust (150 g) that was pelletized (5 mm diameter) and 

calcined (up to 1200 0 C) and used at temperatures of greater than 300 0 C to 

craCK heavy petroleum to an oil (88%) and gas (12%) at similar yields of a 

commercial allophane catalyst. 

The catalytic cracking of heavy petroleum oils (boiling point >300 o C) has been 

patented by Nippon Kaihatsu Kogyo (1981b). The cracking occurs at 350 0 C or 

higher temperatures in the presence of 5-30 wt% of powdered lignin and/or 

sawdust as catalysts to manufacture light oils and fuel oils containing light 

olefins (3-4 carbon atoms). 

111.4 REVIEW OF SELECTED LIGNIN MODEL COMPOUND HYDROTREAT1NG 

The study of lignin model compound hydrodeoxygenation is beneficial to the 

understanding of the hydroprocessing chemistry of real lignins. Elucidation 

of reaction mechanisms, determination of rate constants and mapping out the 

. effects of temperature, pressure, catalysts, solvents and reactor design are 

examples of important information gained by such studies. Care must be taken 

however in extrapolating the results to macromolecules due to possible 

competing reactions in these materials such as condensation and char 

formation. 

Several compounds have been used as lignin models including phenol, cresols, 

anisole, guaiacol, and 4-propylguaiacol. In this summary the research of 

Bredenberg and coworkers will be reviewed separately due to the large amount 

and comprehensive nature of their work. Thermal reaction studies are 

important because depolymerization of lignin to low molecular weight units, 

capable of reaction with heterogeneous catalysts, must occur first in 

hydroprocessing schemes. 

111.4.1 Thermolysis 

All of the thermal reactions studied by Bredenberg and coworkers were carried 

out batchwise either in a stainless steel autoclave or in sealed glass 

ampoules in the temperature range of 300o -400oC. It was discovered that 
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C) CATALYSTS 

With some exceptions, the bulk of the work described in this Section neglects 

to characterize the heterogeneous catalysts employed. S"imple cnaracteri"sti cs 

such as 

missing. 

catalyst. 

supplier of the catalysts or particle size employed are often 

This was obviously not the case with tne development of the Noguchi 

On going from this type of work to that of HRI, the catalysts are 

again not fully described. The c.atalyst selection for kraft and 

lignosulfonates, which contain some form of sulfur species, followed coal and 

petroleum processing. Thus, the catalysts Fe, Ni, Co, Ni/Mo, Co/Mo, Mo on Y­

alumina or, at times, on the more acidic alumina-silica supports were 

employed, and most often, the cat~lysts were fully sulfided. 

With the emerging lignins, an opportunity exists of utilizing catalysts that 

are developed for lignins (not for coal or petroleum), and with the process 

requirements in mind. Thus, issues such as the degree of sulfidation needed, 

how acidic the support should be, and what is the best metal ion, can be dealt 

wi th systematically. From the past literature, the mild hydrodeoxygenation 

catalyst, sulfided Mo on Y-alumina, appears the best for avoiding excess 

buildup of neutrals. From HRI data, this catalyst yielded a larger proportion 

of ethyl phenols than propyl phenols , the main products on sulfided Fe on Y­

alumina. Systematic comparison of sulfided vs. non-sulfided forms and 

systematic variations of the support acidity are lacking. 

Moving from the supported catalyst area to the work carried out on unsupported 

materials such as CoS, FeS, CuS, preferred by the Russian workers, again, 

there is little data on the catalysts. 

Can special catalysts be developed that are more selecti ve and operate at 

lower pressure and temperature in hydrogen-donor solvents or in lignin pasting 

oil? What is the role of the catalyst in tetralin? In order to expedite 

catalyst screening and to allow better mderstanding of the various parameters 

affecting these complex reactions, pertinent lignin model compounds should be 

investigated. The model compound should contain the most important lignin 

fmctionali ties. 

D) TYPE OF LIGNIN/PRODUCT YIELDS 

In much of the work described in this section, the aim was the determination 

of the lignin structure, aided by reductive degradation techniques. The more 
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Table 3-22. Canparison of Thermal and Catalytic Hydrocracklng of 4-Propyl­
guaiacol. (Vuori and Bredenberg 1984) 

Solvent 

Conversion, % 

Selecti vity 
for 4-propyl­
pyrocatechol ~ ~ 

Selecti vi ty 
for 4~propyl­
phenol, % 

Selecti vi ty 
for 3-propyl­
phenol, % 

Propyl­
cresols, % 

Thermal 

T N T 

57.8 63.5 87.0 

32.2 28.8 32.0 

1.6 2.8 0.7 

1.4 2.8 0.9 

Sulfur Free 
Co/Mo 

T N 

98.6 98.0 

2.9 2.7 

10.0 6.5 

24.2 16.5 

10.0 5.5 

Presulfided a 
Co/Mo 

T 

99.3 

12.8 

28.3 

10. 1 

Common Condi tions: 345°C, initial hydrogen pressure = 290-320 psi. 
Batch 750 ml Stainless Steel Rocking Autoclave 
Solvents: T=tetralin, N = Napthalene 
Reaction Time = 124 ± 4 min 

a) S = 4.3 wt% of catalyst. 
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Bredenberg 1984). It illustrates the effects of ColMo catalysts and the Al203 
support on the reactions. The presence of a catalyst greatly increased the 

conversions and promoted oxygen removal as evidenced by the low yields of 4-

propylpyrocatechol. Demethylation to 4-propylpyrocatechol was the initial 

reaction in all cases, however, only in the pr.esence of a catalyst was any 

significant amount of that intermediate deoxygenated. In this study the 

effect of presulfiding the catalyst was not found to be significant, probably 

because the amount of sulfur was low (SIS max = 0.36). In other studies it 
-

had been found that increasing the sulfur content increases hydrogenation 

abili ty (Weisser and Landa 1973; Bredenberg et ala 1984). Apparently no 

attempt was made to identify or quantify any hydrocarbons in this research by 

Bredenberg and coworkers. 

III.4.3 Catalytic Hydrocracking 

The following conditions were general for the research results summarized in 

this section: 

o Reactor: Continuous flow, fixed tubular stainless steel. Two 

sizes were used, 15 ml and 140 ml (Vuori and 

Bredenberg 1984). 

o Temperature: 250 0 
- 400 0 C (523-673 K) 

o Pressure: 25 - 100 atm (363-1451 psi or 2.5 - 10 MPa) 

o Catalysts: Presulfided NilMo on Si02-A1203 and presulfided ColMo 

on Y-AR.203 , 

o Space Velocity: LHSV (Liquid Hourly Space Velocity) in ml feedlml 

catalyst hour, ranged from 0.25 - 2.5 h-1• 

Within the limits of these experiments it was found that hydrogen pressure had 

a small effect on conversion and product distribution. At higher pressures, 

the promotion of hydrogenation occurred. Space velocity effects were seen in 

the reaction of neat 4-propylguaiacol on ColMo - Y-AR.203 where increasing the 

LHSV decreased conversion and increased the phenolic product selectivity 

(Vuori and Bredenberg 1984). An LHSV of 2h-1 was equal to a residence time of 

112 h. Most experiments were not carried out under kinetic control. 

Temperature has dramatic effects on conversion and selectivity as illustrated 

in Tables 3-23 and 3-24. In general, the reactions proceeded first by 

breaking the oxygen to methyl carbon bond either homolytically on metal sites 
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Table 3-23. Temperature Effect on Reaction of 44.9% Anisole in Benzene and 
Beat Guaiacol on Ni/Mo-Si02-Al203• (Bredenberg et al. 1982) 

Anisolea Guaiacol b 

Temp °C 275 300 325 350 250 275 300 325 

Conversion, % 45.1 85.0 88.3 99.6 5.1 14.5 48.4 86.1 

Select! vi tiesc 
for Phenoli cs, %: 

Phenol 65.5 64.9 53.1 40.9 10.5 30.9 45.7 53.5 
Cresols 22.6 25.0 21.0 17.3 ~1.0 6.4 24.3 18.3 
2,6-Dimethylphenol 5.6 4.5 4.5 0.2 
Pyrocatechol 68.5 61.4 26.7 8.7 

Selecti vi tyC 
for Total Neutral 
Compounds 6.6 5.3 20.2 38.8 

a) Anisole LHSV = 1.5 (44.9% in Benzene) 

b) Guaiacol LHSV = 2.0 (neat guaiacol) 

c) Selectivity defined total moles of desired product x 100 as: total moles converted 
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Table 3-24 Temperature erfect on the reaction of neat 4-propyl guaiacol on 
. Co/Mo - Al203 

Temp °C 200 225 250 275a 300b 325b 

Conversion, % 20.6 39.3 85.0 90.9 99.3 99.3 

Selecti vi ty 
of Phenolics, % 88.8 82.8 72.5 77.0 60.3 30.3 

Selecti vity 
of Neutrals, % 12.3 16.9 27.5 22.9 39.6 69.8 

LHSV 0.24 except for: 

a) 0.26 
b) 0.23 

Pressure 50 atm 
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or heterolytically on support sites. The resulting intermediates can react 

wi th hydrogen to form, for instance, phenol from anisole, and pyrocatechol 

(1, 2-dihydroxybenzene) from guaiacol. The methyl radi cals may react with 

hydrogen to form methane or may attack the aromatic ring (along with methyl 

cations . from heterolytic cleavage) to form.methyl substituted phenols, 

predominantly in the ortho position. At temperatures above 300 0 C the 

dihydroxyaromatics underwent dehydroxylation to give significant amounts of 

phenol and/or alkylated phenols. The last oxygen may be removed subsequently 

either by direct dehydroxylation or by hydrogenation to cyclohexanols followed 

by dehydration to cyclohexenes (Vuori and Bredenberg 198 1n. Higher 

temperatures favored this last deoxygenation step while phenolics were the 

predominant products at temperatures below 300oC. Direct demethoxylation was 

not considered a major reaction path at temperatures below 400oc. The lower 

reactivity of guaiacol compared to anisole is believed to be due to the strong 

bonding of. guaiacol's free phenolic hydroxy group to A1203• Higher 

temperatures decreased this chemisorption and allowed reactions similar to 

those of anisole to occur (Bredenberg 1.982). 

The effect of using benzene as a diluent was insignificant. Using tetralin as 

a solvent lowered the conversion of 4-propylguaiacol slightly and decreased 

the amount of methylated products. Reactions run with tetralin and nitrogen 

deactivated the catalyst but. improved theselecti vi ty for phenolic products 

(Vuori and Bredenberg 1984). The level of sulfidation can effect the reaction 

routes with increasing hydrodeoxygenation and ring hydrogenation at higher 

sulfur contents (Bredenberg et al. 1984). Unsulfided catalysts may be more 

active for HDO than presulfided catalyst. The work of Vogelzang et ale (1983) 

has shown that oxidic MO/Y-A1203 is 7 times more active than sulfidic Mo/Y­

A1203 for the conversion of 1-napthol. This could be advantageous to 

hydroprocessing of the emerging lignins that contain no sulfur. 

There are some problems in interpreting research results reported by 

Bredenberg and coworkers. Frequently gas phase analyses were not performed 

and neutral hydrocarbons were not always reported. Meaningful comparisons 

from article to article were made difficult because of varying reactor 

designs. Comparative experiments on the different reactors would have allowed 

more meaningful comparisons. 
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I11.4.4 Catalytic Hydrocracking Studies by Other Researchers 

Other researchers have investigated lignin model compound hydrotreating 

reactions; examples are listed in Tables 3-25 and 3-26. The Russian workers 

Bronovi tskii et ale used aqueous alkaline solutions incorporating phenol and 

ethanolamines as inhibitors to recondensation. Three fractions were usually 

isolated: aromatic acids, phenolics and neutrals. The aromatic acids could 

be decarboxylated by distillation at reduced pressures to give phenolic 

compounds (as described in Section III.2.1.1). 

The research of Hurff and Klein 1983, using anisole and guaiacol as model 

compounds, shows large differences in reaction rates and product selectivities 

when compared to Bredenberg's work. The differences appear to be due 

primarily to the type of reactor employed batch (Klein et al.) vs. continuous 

(Bredenberg et al.). Table 3-27 compares the reaction parameters for the HDO 

of anisole and guaiacol employed by these workers. 

Hurff and Klein propose two reaction routes to cyclohexane. Under their 

conditions there was always more cyclohexane than benzene. In the continuous 

flow reactor, benzene formation was always equal to or greater than that of 

cyclohexane. Another difference lies in the relative reactivities of anisole 

and guaiacol. The batch reactor studies showed that, in the temperature range 

studied, guaiacol reacted approximately 30 times faster than anisole. 

Conversely in the continuous reactor anisole was more rapi dly converted than 

guaiacol. Klein's studies also revealed the possibility that ortho oxygen 

substi tuted aromati cs were involved in the formation of coke. 

The mechanistic studies of substituted phenols hydrotreated over a Co-Mo/Y­

U'203 catalyst illustrate the effects of steric hindrance on hydrogenolysis 

reactivity, and the effects of coordinating poisons (e.g. H2S, NH3 , and H20) 

on the competing hydrogenolysis and hydrogenation reactions. Table 3-28 

summaries the stereochemical effects of the substrate on hydrogenolysis. Most 

noteworthy are the high yields from the 3,4- and 3,5-dimethylphenols and the 

strong inhi bi ting effect of longer alkyl side chains e.g. o-ethylphenol. 

These results again point to the importance of lignin depolymerization prior 

to HDO. 

The overall effects of a poison on the course of the reactions are that 
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rable 3-25. Summary of Russian Hydrogenolysis of Lignin Model Compounds 
(Hydrogen Pressure 100 atm and 360 o -380 0 C) 

A.uthors & Date 

Ikramova, 
Bronovi tskii, 
Kalinskya 1970 

3ronovi tskii, 
Ikramova, 
Kalinskaya 1968 

3ronovi tskii, 
Kalinskaya 1967 

3ronovi tskii, 
Kal ins kaya,· 
Kuznetsova i966 

:ompolIDd Codes: 

Models 

1,2,3 

1,2,4,5 

1,2,4,5 

1 ,2,6 . 

Catalyst Sol vent 

CoS Aqueous 5% 
NaOHI 
Ethanol 
Amine or . 
Phenol as 
Inhibitor 

CoS Aqueous 
FeS Alkali 

MoS3 Aqueous 
CoS Alkali 

Phenol as 
Inhibitor 

MoS3 Aqueous 
·Alkali 

a-Keto-4-Propylphenol 
a-Keto-4-Propylguaiacol 

1 
2 
3 
4 
5 
6 

= Dehydrodiguaiacol 
4-Hydroxy-2-Methylacetophenone 

= Dehydrodivanillin 
a-Hydroxy-4-Propylguaiacol 
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Major Products 

Hydroquinone 
pyrocatechol, phenols 

Phenols, phenolic acids 
saturated acids 

Phenols, cresols 
C-C bond cleavage 

Phenols (high yields) 



1e 3-26. Summary of Lignin Hodel Canpound Hydrogenolysis 

lors & Date 

in, Hurff 1983 

~ny, Mihalov, 
3.01k i983 

lUS, Dence 
; 

Models 

A 
G 

8-0-4 
Models 

Mono & 
Dimeric 
Models 

Catalyst Solvent 

Sulfided C16H34 
Co/Mo on 
Y-A12 03 

Mild Neat 
Thermolysis 

Homo­
geneous 
Ni 
Hydride 
Complex 

NS 

Pressure 
amt 

~102 

Temperature 
(OC) Major Products 

250-325 

275-315 

~ 220 

Phenol, cyclohexane, 
benzene 

Ethercl eavages , 
condensations 

Cyclohexanes 
Aromatics 

~man, Schweers PrG 
; PrV 

leers, 1969 

3.y 1963 

~r, Hibbert 
3 

~r, Cooke, 
:>ert 1943 

<e, McCarthy, 
)ert 1941 

moto 1939 

~l Compound 
~s : 

4AP, 4AG Pt Gl. Acetic 
Acid 

AV, E, 
DCA 

Cu Dioxane 136 230 
Chromi te 

DDE 
VPE 
DVB 

Raney Ni 
Cu 
Chromite 

206 150-280 

4AG 

EPrV 

C 

Cu Dioxane 
Chromite 

Cu 
Chromite 

Ni 

206 

250 

A Ani sol e PrG 

280 

250 

C Cresols PrV 
E = Eugenol 4AP 
G = Guaiacol 4AG 
AV = Acetovanillone VPE 
DCA Dihydroconiferyl alcohol 
DDE = 2,2' -D i vanilloyl di ethyl ether 
DVB 2,3-Diveratroylbutane 
EPrV = aethoxypropiovanillone 
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Ethyl cyclohexane , 
4-propylcyclohexane 

Hydrogenation Products 

3-Cyclohexylpropanol, 
4-propylcyclohexanol 

4-Propylcyclohexanol 

Methylcyclohexanols 

Propylguai acol 
Propyl veratrole 
4-Alkylphenols 
4-Alkylguaiacols 
1-Veratroyl-1-(2 methoxy-
4-propionylphenoxy) ethane 



Table 3-21. Comparison of Reaction Conditions 

Hurff & Klein (1983) 

Reactor: Autoclave Engineers 
1 liter stainless steel 

. stirred batch reactor 

Feed: Anisole and guaiacol 
as 5 wt % soln. in C16H34 

Catalyst: Sulfided Co/Mo on Y-At203 

Temp: 250-325°C 

Pressure: 34 atm H2. 
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Breden bel' g et al. (1 982) 

Fixed bed tubular stainless 
steel continuous flow 
11 x 160 mm 

Anisole and guaiacol neat 
or as 44.5 mole % soln. in 
benze!"!e 

48 atm H2 



Table 3-28. Errect or Substrate Stereochemistry on Hydrogenolysis or Phenols 
in the Presence or a Co-Mo/Y-A~03 Catalyst at 300oC. (Weigold 
1982) 

Phenol 

Phenol 
o-Cresol 
m-Cresol 
p-Cresol 
3,ij Dimethylphenol 
3,5 Dimethylphenol 
2,3 Dimethylphenol 
2,4 Dimethylphenol 
2,5 Dimethylphenol 
2,3,5 Trimethylphenol 
o-Ethylphenol 

Aromatic Product 

Benzene 
Toluene 
Toluene 
Toluene. 
o-Xylene 
m-Xylene 
o-Xylene 
m-Xylene 
p-Xylene 
1,2,4 Trimethylbenzene 
Ethyl benzene 

100 

Yield wt % 

8 
19 
ij8 
23 
45 
31 
13 

7 
10 
17 
<1 
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increasing concentrations of pOison inhibit HDO while having little effect on 

hydrogenation. The explanation Weigold (1982) gave is that the hydrogenation 

and hydrogenolysis reactions occur competi ti vely at identi cal sites. If a 

coordinati vely unsaturated metal site is available, hydrogenolysis is 

facilitated (see Fig. 3-11). If, on the oth~r hand, this metal site is 

blocked by a poison, then hydrogenation predominates because hydrogen ion 

transfer does not require the presence of the unsaturated metal site. 
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III.5 Summary and Recommendations for Future R&D. 

Lignin hydrotreating has been reviewed in Sections III. 2 and III. 3 and the 

hydroprocessing of relevant lignin model compounds was summarized in Section 

III.4. The more recent work has been descri bed in more detail such as the 

work performed in the laboratories of Bredenberg, Coughlin, Golqstein, Klein, 

Sarkanen, and Schweers (discussed in Sections III.4, III.2.2.4, III.2.2.3 and 

4, III.4, III.2.2.4, and III.2.2.2, respectively) and the more recent process­

oriented research (section III. 3). While the process-oriented research 

envisioned the production of phenolics or phenol and benzene, the other work 

reported here had either a structural goal--l:!.gnin structure determination,or 

was -oriented towards syntheses of phenolics or neutrals (cyclohexanol and 

derivatives). Tables 3-29 to 3-33 summarize most of the work reported here, 

wi th emphasis on phenolic compounds. The important' parameters affecting these 

reactions are discussed as follows: 

A) REACTOR DESIGN 

From the work at the Noguchi Institute it was very clear that in order for the 

results of batch experiments to be translated into a process, it was necessary 

to have extremely good agitation of the lignin/catalyst/hydrogen slurry, which 

. was accomplished by lengthening the impeller shaft to a small (1/4 in) 

clearance of the reactor bottom. The strategy taken by Hydrocarbon Research, 

Inc. was to utilize the ebullated bed, previously employed in coal research, 

and adapt it to kraft lignin or lignosulfonates. This concept allowed the 

upward pumping of the slurry/gas mixture through the tubular reactor to expand 

the catalyst bed to occupy a volume at least 10% greater than in its settled 

state, while maintaining the catalyst in constant turbulent motion. This 

design allowed good temperature control in the reactor, good contact between 

lignin, hydrogen, and catalyst, and ease of replacement of spent catalyst in a 

continuous or semi-continuous manner. Another feature of the reactor was the 

continuous separation of the volatile products from the reaction; the products 

were swept with the excess hydrogen, leaving the catalyst in the reactor. 

Many continuous concepts were operated with lignins from moderate (Parkhurst 

et ale 1980) to high pressures (Giesen 1959). Section III.3 details these 

processes and Table 3-33 presents a summary. 
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In contrast with the more developmental work, the bulk of experimental 

research was performed in the static mode using batch reactors. While in some 

cases, types of autoclave were given as well as an idea of agitation effects 

(e.g. Davoudzadeh et ale 1985), in most cases, such effects were not discussed 

at all. Rarely did researchers who operated continuous and stati c processes 

report results on the same lignin materials (or compounds) and under similar 

solvents in both types of reactors. 

From both the lignin model compound and lignin. hydroprocessing investigations, 

the type of reactor appears to determine the reaction product mix. Further 

work on stati c batch and continuoll.;:, experiments are necessary, but primarily 

those in which the experimental set-up allows the removal of volatile products 

as they are formed. If stati c reactors could be used, much faster screening 

of catalysts could be obtained. However, the results may .!!..2! be meaningful 

because of the increased likelihood of condensation to prevailing (see Section 

IV. 3). The reactor vessel material has been known to alter the reaction 

product mixture. For instance, Pepper and coworkers (1978) find a different 

product mixture from a chrome steel versus a stainless steel reactor. 

Catalyti.c effects are known to be important at high temperatures in char 

forming processes (Albright and Tsai 1983). 

It is recommended that experimental sections fully describe the reactors 

utilized as well as the agitation used. Varying agitation until no product 

qhanges are observed is a reasonable approach. 

B) SOLVENT/VEHICLE 

It has long been known that the presence of phenols or cresols decreases 

condensation reactions and leads to higher yields of monomeric phenols (see, 

for instance, Section 111.2.1 for aqueous alkali medium data and more 

recently, Davoudzadeh et al. 1985). Extensive work at the Noguchi Institute 

and at Crown-Zellerback Corp. (see Section II. 3. 2) demonstrated that the 

phenol solvent was methylated to p- and m- cresol. The ratio of p-:m- isomers 

was high when phenol itself was used and qecreased to 1:1, when the 

exhausti vely hydrogenated lignin residue (often referred to as pasting oil) 

was employed as a sol vent. Therefore, to synthesize preferentially p-cresol 

may be difficult unless phenol is continuously added to the system. To 

synthesize a mixture of phenolics, a pasting oil is probably the most 
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practical solvent. However, in most laboratory experiments, such solvents 

were replaced by relatively inert solvents such as anthracene oil and 1-methyl 

naphthalene (commonly employed in coal liquefaction experiments). These types 

of experiments are quite distinct from those of a) no sol vent at all (good 

agreement between various laboratories that tnese experiments lead to char 

formation), b) aqueous alkali medium in the presence of phenols (conditions 

employed primarily by the Russian workers). These experiments have only been 

- ~l"eported successfully by Eastern Europe re~earchers. c) Organic/aqueous 

alkali media such as dioxane/1.5-3 wt % aqueous NaOH have been employed by a 

number of investigators, and the most recent results (Schultz et ale 1982) 

produced disappointingly low yields of phenolics (the effectiveness of the 

agitation employed may be questionable). d) Tetralin as a hydrogen-donor 

solvent was investigated by Connors et ale (1980), Schultz et ale (1982), and 

Davoudzadeh et ale (1985). In the presence of this sol vent, much more 

moderate pressures are, employed (55 atm vS. 100-200 atm in the absence of 

tetralin). While the first two groups report no effects of added 

heterogeneous catalysts on Indulin A. T., and superconcentrated HC1 sweetgum 

lignin, respectively'; the latter workers (Davoudzadeh et al.) find a 

pronounced effect (increase by a factor of two) of soluble products for steam 

exploded aspen lignin. Unfortunately, Davoudzadeh et ale (1985) did not 

quantitate phenolic compounds. Therefore, it is difficult to interpret the 

observed effects of the catalysts. 

From these facts (and the material in the remainder of this section) the 

following questions still remain: 

1) Can the hydrogenolyses of acid hydrolyses lignins under the conditions 

employed by the Eastern European researchers be repeated? Can the high yields 

of monomeric phenols be reproduced? 

2) Dioxane/aqueous alkali does not appear to be a sui table sol vent system 

from the most recent literature, though the older literature did achieve 

reasonable yields of phenolic compounds. 

3) What is' the role of heterogeneous or homogeneous catalysts in tetralin for 

the lower molecular weight lignins? Are the yields of phenolic compounds high 

as suggested by the high liquefaction yields? Is tetralin consumed by a 

number of irreversible side reactions? 
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C) CATALYSTS 

With some exceptions, the bulk of the work described in this Section neglects 

to characterize the heterogeneous catalysts employed. S'imple characteri"stics 

such as 

missing. 

catalyst. 

supplier of the catalysts or particle size employed are often 

This was obviously not the case with tne development of the Noguchi 

On going from this type of work to that of HRI, the catalysts are 

again not fully described. The catalyst selection for kraft and 

lignosulfonates, which contain some form of sulfur species, followed coal and 

petroleum processing. Thus, the catalysts Fe, Ni, Co, Ni/Mo, Co/Mo, Mo on Y­

alumina or, at times, on the more acidic alumina-silica supports were 

employed, and most often, the catalysts were fully sulfided. 

With the emerging lignins, an opportunity exists of utiliz"ing catalysts that 

are developed for lignins (not for coal or petroleum), and with the process 

requirements in mind. Thus, issues such as the degree of sulfidation needed, 

how acidic the support should be, and what is the best metal ion, can be dealt 

wi th systemati cally. From the past literature, the mild hydrodeoxygenation 

catalyst, sulfided Mo on Y-alumina, appears the best for avoiding excess 

buildup of neutrals. From HRI data, this catalyst yielded a larger proportion 

of ethyl phenols than propylphenols, the main products on sulfided Fe on Y­

alumina. Systematic comparison of sulfided vs. non-sulfided forms and 

systematic variations of the support acidity are lacking. 

Moving from the supported catalyst area to the work carried out on unsupported 

materials such as CoS, FeS, CuS, preferred by the Russian workers, again,' 

there is little data on the catalysts. 

Can special catalysts be developed that are more selecti ve and operate at 

lower pressure and temperature in hydrogen-donor solvents or in lignin pasting 

oil? What is the role of the catalyst in tetralin? In order to expedite 

catalyst screening and to allow better understanding of the various parameters 

affecting these complex reactions, pertinent lignin model compounds should be 

inves ti gated. The. model compound should contain the most important lignin 

functionali ties. 

D) TYPE OF LIGNIN/PRODUCT YIELDS 

In much of the work described in this section, the aim was the determination 

of the lignin structure, aided by reductive degradation techniques. The more 
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developmental work employed pulping lignins and achieved continuous operation 

with monomeric phenolic yields up to 37.5 wt % of the starting lignin. This 

fraction could be converted by dealkylation into 2~.~% phenol, 13.1% benzene, 

22.5% light hydrocarbons, and 22.0% heavy liquid (based on original lignin) 

(Gendler et ale 1983). Economic evaluations per:-formed to date are summarized 

in Section 111.3.3.2. Evaluations of the first step alone, in the context of 

wood-to-ethanol plants, have not been made. In fact, yields of these 

processes with other lignins are not known. Literature indicates that the low 

molecular weight steam exploded aspen lignin can be liquefied much more easily 

:~aan softwood kraft lignins (Davoudzadeh et ale 1985). Though the total 

yields of liquefaction are higher, the yields of monomeric phenols are unknown 

to date. 

Lower yields of monomeric phenols were achieved by Schultz and coworkers 

(1985) on sweetgum lignin from superconcentrated HeR. treatment both in 

tetralin (with or without catalysts) or in dioxane aqueous alkaline 

solutions. Similarly low yields of phenols were obtained from Indulin AT in 

tetralin (absence of heterogeneous catalyst). These yields, primarily those 

from sweetgum acid hydrolysis lignins, are lower than ~hose expected based on 

other work in the area or on the results from Eastern European workers (see 

Tables 3-29 to 3-32). 

Product yields are intimately related to the quanti tati ve determination of 

reaction products. At this pOint, the literature contains good methods, but 

also a fair amount of misidentification, and in many cases quanti tation is 

only performed on a fraction of about 50% of the materials. With the present 

progress with chromatographic techniques, these separations and quantitations 

should become progressively easier. 

In order to perform meaningful economic evaluations of these processes, it is 

important to have mass balances of these processes. Yields of water, gases, 

neutrals, phenolics, solid residues, and oils should be obtained. 

We would like to recommend that investigators involved in this area of 

research adopt a lignin (e.g., a milled wood lignin) and possibly one model 

compound such that, by reporting results on those substrates, a kind of 

independent calibration of the reactor, conditions, and analytical procedures 
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employed by each laboratory could be achieved, and cross-comparison between 

experiments of different investigators using different reactors and catalysts 

could be performed. 
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Table 3-29. Summary or Lignin Hydrotreatlng from Eastern Europe 

T pd Time Soluble Phenols Neutrals 
Reference Lignin °C atm h Catalyst Solvent Tars, J J J 

Bronov itskll, Kal1nskaya Cotton hull, "2 SOli 360-380 100 2 CoS Phenol, 5J NaOH Caq) 58.6 27a 1I0:3a 
1967 Spruce H2S011 360-380 100 2 CoS Phenol, 5J NaOH Caq) 73.5 311.5a 26.0a 

Bronovitskli, et ale 1967 Cotton hull, "2S011 360-380 100 2 CoS Phenol, 5J NaOH (aq) 15 50b '35b 

Bronovltskl1, et a1. 1968 Cotton hull, H2S011 360-380 100 2 CoS Phenol, 5J NaOH (aq) 60-85 $10c 
Spruce, HCt. 60-85 $10c 

Bronovitsk~i, et a1. 1911a Spruce, HCt. 360-380 100 2 CoS Phenol; 15J NaOH (aq) 85.7 1I1b 26b 

Bronovltskl1, Kal1nskaya 1912 Spruce, HCt. 360-380 100 2 CoS Phenol; 5J NaOH (aq) $80 115b 115b 
~ 
0 
\0 John, Dobrev 1973 Corncob, hydrolysis 330 2110 2 Fe203 -Anthracene 011 116.2a 

Rieche, et ale 19611, 1966 Acid hydrolysis, 350 2110 2 FeS, CuS Phenol 52-15 -1I0b _8b 
Alkali Lignin 

Holdavskii, Valnshtein 1935 Acid Hydrolysis 1100-1150 50-10 HoS2 Phenol 1111 -30-50b 

Borchers, et ale 1975 Kraft or sulfite 350-550 200-1100 0.25-1.5 Cu-Doped Fe 

BronovltskII, et a1. 1973a Spruce, HCI 360-380 100 2 CoS Ethanolamine 70 59 
Cotton hull, "2 SO II 360.,.380 100 2 CoS EthanolamIne 70 59 

Karpunl n 1981 Spruce (wood) 170 11.5 N1(CO)1I . 25J aq NaOH e 

Vasyunlna, et a1. 1960 Pine 300-320 200 2.5-3 0.5% Ru-on-C 2J aq NaOH 30-1I0a 

a) based on starting lignIn; b) J of soluble tar; c) includes phenolics from neutral and acid fractioirl; d) Initial pressure; and e) aromatics. 



Table 3-30. SUDlDary ot Lignin Hydrotreattngtrom Korth America 

II 

II. 

T pC Time Soluble Phenols Neutrals 
Reference Lignin ac atm h Catalyst Solvent Tars, J J J 

Coscia, et a1. 1961 MWL Birch 240-260 100 46 cu Chromite Dioxane 21.2a 
HWL Oak 240-260 100 h6 Cu Chromlte Dioxane 16.7a 

Olcay 1962 MWL Spruce 240 134 116 cu Chromite Dioxane 60-70 19.6a 

Distill-
able 

Pepper, et al. 1969 Spruce (wood) 195 35 5 Rh/C Dioxane: water 95(CHCl3) 33.6b 
Spruce (wood) 195 35 5 Raney Ni Dioxane: water 66(CHC1 3) . 16. 4b 

Pepper, et al. 1966 Spruce (wood) 195 35 10 Pd/C Dlclxane:water 76(CHCl ) 17'2b 
Spruce (wood) 195 35 5 Pd/C Dh,xane:H20, Hct 128(CHct3) 10.5b 
Aspen (wood), HCt 26d 

I-' 
I-' 

Adki ns, et a1. 1 941 0 Soda (hardwood) 250-300 200-350 4.5-12 cu Cr oxIde Dioxane 75a 

Sherrard, et al. 19111, 1942 Methanol/HCt, soda <300 140 2-6 Ni,Pd,Pt,Mo,W Water (suspension) e e e 
pulping liquors and deriva- S5J NaOH (aq) 

Uves "" , 
e ". 

Harris, et al. 1940 Methanol, HCt, Soda 225-250 100-175 6-10 Raney Aq. NaOH (1 J) 
li qUOl', HtOIl NI "'., 

process, ellosolve 

AdkIns 19411 Lignin 200-350 50-500 Cu oxide, Cu e 

Chromite 

Harris, et a1. 1949 Hardwood Soda 300-27 Cu Chromite 75 8-10b 50-60b 
1100 w/Ni, Sn 75 10-12b 60-65b 

sulfidel 
iodoform 

Benigni, Goldstein 1971 Kraft (softwood) Water, organic 36-58 11-13 3-22 
solvents, aq. alkali 

J 



Summary of Lignin Hydrotreatlng frOB North America - continuation 

T pC Time Soluble Phenols Neutrals 
Reference Lignin °c atm h Catalyst Solvent Tars, J J J 

Schul tz, 1981, Schul tz et ale Sweetgum 375-1l25 Fe20~ Tetralin 35f (11) a,s 
19B1, 1982 Hel 250 1.5 CoMo II Aqueous Alkali/dioxane 16f 

Snajberk, Zavarin 1970 White Fir (sapwood) MetalliC Ni Methanol -30d 

Parker 1967 Maple (wood) Raney Hi 5J aq NaOH 70d 

Nahum 1965 Red Spruce (wood) 170 COz(CO)S Benzene h 

Godard, et a1. 19110 Maple (wood) 250-60 350-1l00 12-16 Cu Chromite 60-10d 
~ Spruce (wood) 35-1I0d 
~ 
~ 

Bhaskaran, Schuera 1969 Sugar Maple (wood) 35-IlOd 

Pepper, Steck 1963 Aspen (sapwood) 150-220 35 21l Raney Ni Dioxane:water 52d 

Sudo, et a1. 19B1 Aspen (wood) 195 35 5 Rh-on-charcoal Dioxane:water 68.~d 

Brewer, et ale 1911 B Maple (wood) 165-70 200 Il Raney Ni EtOH/wal er 70-BOd 
Hydrol Lignin 250 200 5 Cu Chromite Dioxane Illld 
(From previou ly 
hydrogenated maple) 

Bowen, Nash 1926 Lignin 350-500 1.-4 NIO on Atz03 -60 >9a 

Harris, et ale 1938 Methanol Aspen, Hct 250-60 200-350 18 Cu Chromite Dioxane 101 IIl1a 

Sherrard, Harris 1939 Lignin >250 1110 Cu Chromlte e 

Cook, et ale 19111 a,b Maple ethanol, HCt 250 1100 18 cu Chromite Dioxane 71 a 16.7a 
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SUDIDary ot Lignin Hydrotreating from Horth Allel'ica - continuation 

Reference 

Connors, et al. 1960 

HarrIs, Adkins 1938 

Sherrard, Harris 19~0 

Harris 19110 

Pepper, et a1. 1951 

Lign!n 

Indulin AT 

MeOH, HCI. 
Alkali "2S011 

Lignin 

Lignin 

Aspen (wood) 

~OO 

T 
°C 

pc 
atm 

55 

250-60 170-1100 

100-350 35-350 

250 200-350 

165-175 200 

Time 
h 

0.25 

2-3 

Catalyst Solvent 

None Tetral1n 

Cu Chromite Dioxane 

Cu Chl'omite Dioxane, glycol 
ethers, MeOH 

Cu Chromite, Dioxane 
Ni 

Raney Hi Dioxane: water 

Soluble 
Tars, 'J 

e 

e 

Phenols 
~ 

Neutrals 
J 

51.8d 

a) based on starting lignin; b) J of soluble tar; c) initial pressure; d) p~rcent of klason lignin present in wood; e) Percentage of products are not 
gIven. Product mentioned include propylcyclohexane and its derivatives Including substituted cyclic alcohols and r<!sinous oompounds; f) Products 
obtained as distilled fraotions. Phenols obtained trom an oily distillate fraction; g) Number in parentheses refers to % of monomeriC phenols; h) 
Phenols and substitutedguaiaco1s were isolated. 



Table 3.31. Summary ot Lignin HJdrotreatlng trom Western Europe 

T pd Time Soluble Phenols Neutrals 
Reference Lignin °C atm h Catalyst Solvent Tars, , , , 
Freudenberg, et a1. (19~1) Spruce 3~0 80-1~0 Raney Ni, $5' NaOH(aq) 55 15a .1I0a 

Rupe Catalyst 
Spruce waste 3

'
10 Raney Ni, $5' NaOH(aq) -50 -15a -1I0a 

Liquor (S-oontg.) 

Lautsch (19~1) Ll gnosulfonates 250 Dilute alkali -60a 

Freudenberg, et a1. 19~3 HCl Lignin 350 290 (max) Raney NI NaOH/aq alcohol 778 

Sulfite waste 350 290 (max) Raney Ni Pulping Hquor 7a ~8a 

Liquor Contg. " E+-OII 

I-' Freudenberg, Lautsch 19115 LignosUfonio aCid, :5260 30-120 Ni or Pd 50-6Oa 

I-' sulfite waste liquor, 
IJJ alk. blaok liquor 

Loublnoux, et ale 1980 Maple. cherry. 180 128 3 Ni(OAo)2 Aq. alkali 112(beech)a 
eucalyptus, fir reduced to 
beech Ni2B 

Heitz, et ale 1982 Wood wastes, 195 60 NI EtOH/alkal1 30a 

solvolysis l1gnins 

Kleinel't 1952 Sulfite spruce, 300 Cyolohexanol Hultl- Ar omati 0 

organosol v valent and 
Phenols aldehydes 

Halmeroski, Enkvist 1956 Sulfate Raney Ni Ethanol High 
yield 



Summary ot Lignin Hydrotreatlng tram Vestern Europe 

T pd Time Soluble Phenols Neutrals 
Reference Lignin °C atm h Catalyst Solvent Tars, S· S S 

Schweers 1966 Corn Cuchromlte Dioxane 2.6 
Beech 2.7 
Beech (wood) 10 

Schweers 1969 Spruce, HCt. 350 100 24 Fe,Co, Ni Benzene 32a 32a 
Beech, HCt. 350 100 24 (met811ocene 368 40a 
Bamboo, HCR. 350 100 2~ complexes) 2~a 2~a 
Corn, HCR. 350 100 2~ 16a 36a 

Hoffman, Schweers 1975 Spruce, HCR. 350 180 22 Nickelocene Benzene 15a 
Beech, HCl 350 180 22 Nickelocene Benzene l1 a 
Bamboo, HCR. 350 180 22 Nickelocene Benzene 12a 
Spruce, nCR. 350 200 22 Ni ckelocene Cyclohexane 17a 6.7a 
Beech, HCR. 350 200 22 Nlckelocene Cyclohexane 22a 11.0 

.... .... Hoffmann, Schweers 1975a Spruce, HCt. 350 165 Nickelocene Benzene 6.1 a 7.7a 
~ Spruce, HCR. 350 165 Pt oxide/ Benzene 3.6a 20.8a 

Rh oxide 
Spruce, HCR. 350 165 10J Pd-C Benzene 0.5a ; 1. 2a 
Spruce, HCt. 350 165 Nickelocene Methanol 7.8a 2.5a 
Spruce, HCR. 350 165 Pt oxide/ Methanol 5.28a 3.0a 

Rh oxide 
Spruce, HCR. 350 165 lOS Pd-C Methanol 8.311a 7.25a 
Spruce, HCR. 350 165 5S Rh-AR.203 Methanol 11. 53a 1I.87a 

Meier, Schweers 1981 Beech, EtOH/water 300 100 5 lOS Pd-C Ef;hanol/water 60.6 29.0a 31.5a 
Oak, EtOH/water 300 100 5 10J Pd-C Ethanol/water 63.5 33.6a 29.9a 
Birch, EtOH/water 300 100 5 10J Pd-C Ethanol/water 66.4 37.1a 29.3a 
Spruce, EtOH/water 300 100 5 10J Pd-C Ethanol/water 73.9 38.2a 35.7a 
Pine, EtOH/water 300 100 5 10J Pd-C Ethanol/water 67.3 32.118 311.9a 

a) Based on starting lignin; b) S of soluble tar; and c) Inl tial pressure •. 



Table 3-32. Summary of Lignin Hydrotreatlng from Asia 

T pd Time Soluble Phenols Neutrals 
Reference Lignin °C atm hr Catalyst Solvent Tars, • • • 
Hachlhama, Jodal 19~1 Pleea jezoensls HCl 260-270 100 22-5 NI Dioxane 70(ether) 37b 25b 

Fagus sylvatlea HCl 250 150 (max) 11-6 Nl Dioxane 117-50 27b 6b 

Hachlhama, Jodal 19~0 Plcea jezoensis HCl 260-260 230 (max) 35-55 HiO, CoS, DioKane ~7(ether) 
NH~molybdate 

Sakaklbara 1963 Cone. H2S011 ~OO N1(CO) II Cyclohexane 115a 

Sakaklbara, Tadasl 1961 Cone. H2S011 1100 97 Cu Chromite Cyclohexanol 117.3a 
Alkali 1100 97 Cu Chromlte Cyelohexanol 61.7a 

..... Sakakibara, et ale 1966 Lignosulfonie acid Fe(CO)5 15.9a ..... 
VI 

Horohoshi, Sakaklbara 1971a P. jezoensis (HWL) 200 80 Cu Chromite Dioxane:water 59 
Hydrolysis Lignin 200 80 60 

Horohoshi, Sakakibara 1911b P. jezoensls (HWL) 180 0.5 CuChromite Dioxane:water . 20a 

Sakakibara, et ale 1969 P. jezoensis (wood) 160-200 78 CuChromlte Dioxane: water e 

Wada, Sakaklbara 1969 P. jezoensls 160 78 1-2 CuCrOll' Dioxane: water 3.5-61 d 
(wood) 180-220 Raney Hi EtOH 60-1110d 

Hachlhama, Jodai 19112 Softwood )250 Raney Nl 80 50b 

Sano, Sakakibara 1980 Plcea glehnii EtOH/water 911.3b 3.6b 
milled wood (spruce) 2~0-320 0.17-2 

Hachihama, Jodai 1950 Ezomatsu 215 100 II 15~ alkali Hydrol Lignin C29H21j07 
(softwood lignin) 

a) based on starting Lignin; b) ~ of soluble tar; c) inl tlal pressure; d) based on Klason lignin; e) Phenolic monomers, d!mers and trlmers isolated. 



Table 3-33. Summary of Petrochemical/Coal Techniques Applied to Lignin Hydrotreatlng or Pyrolysis 

Lignin 
Process-

. T pC ing Rate Soluble Phenols Neutrals 
Reference Lignin DC atm (lb/h) Catalyst Solvent Reactor Tars. J J J 

Giesen. (1959) "Sch~l1er" 380 700 0.8 FeSOIj xylenol. Continuous 58% distillable product 
CaS04 Tubular <325°C. 6mm Hg 

NoguchI/Crown Zellerbach desulfonated 450-425 170 Fe:Cu:Sn:S Pasting Batch 20 21 9 
(Goheen 1965) sulfIte (10:1:1:12) 011. Stirred 

phenol Autoclave 

f-l HRI (Gendler et al. 1983) Kraft 440 70 1.0 Mo031Y-At203 Pasting Continuous 22 37.2 10.8 
f-l 011 Ebullated 

'" Catalyst 
Bed 

HHI Pyrolysis· (Snell 1983) Lignin 815 1-10 Steam Continuous 11.7 49.6 1.7 
Fluidized 
Bed 

1"' ., 
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As has been previously stated, the goal of this proj ect is to develop a 

process to convert lignins to a mixture of phenolics which on conversion to 

the corresponding methyl ethers could be blended with gasoline as octane 

enhancers which would not increase the fuel vapor pressure as much as ethanol 

or other oxygenates. Much work has already been carried out on kraft lignin, 

lignosulfonates, and some lignins from acid hydrolyses processes. We have 

concentrated on mild acid hydrolysis, steam exploded and organosolv lignins, 

which are relevant to biomass-to-ethanol processes. 

Work on this task initiated March 15, 1985. The experimental work started 

late in April, 1985 at colorado School of Mines and at SERI laboratories. The 

report presented in this Section is preliminary. It represents 6 months of 

actual experimental work, the bulk of which was used in setting up experiments 

and testing reactors and analytical procedures. 

In the ini tial stages of our work it was decided that the difference between 

continuous And batch operation should be more carefully quantitated. The most 

successful process design to date is that of HRI, described earlier (Section 

III. 3). The important features of their ebullated bed design were the very 

good mixing between catalyst, lignin and hydrogen, a narrow temperature 

distribution throughout the reactor; and that volatile reaction products were 
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easily separated from the reactants and rapidly removed from the reactor thus 

avoiding secondary reactions. A batch reactor is, however, simpler to operate 

and should allow a more rapid screening of catalysts/supports and operating 

conditions. The constraints on our reactor design were thus, a reactor that 

should have· good mixing, be able to process sma~l quantities of lignin, allow 

vapor products to be swept out and also be easily convertible to batch 

operation. 

It was also felt necessary that a well characterized solvent be chosen rather 

than a less well defined material such as a recycled lignin oil. The solvent 

should also have a low vapor pressure to minimize the amount swept from the 

reactor with the products. 1-Methylnaphthalene, a solvent often used in coal 

hydrotreating studies was selected, because of its stability at high 

temperatures in hydrogen atmospheres. The main disadvantage of 1-methyl­

naphthalene is that it is a poor sol vent for I ignin. It only serves as a 

vehicle for the lignin so that there is a liquid phase in the reactor. 

After it was established that more THF-insolubles were produced in the batch 

reactor than in the semi-continuous reactor, the next stage was to start 

screening catalyst/support materials. Before studying the effect of 

catalyst/support material on the hydrotreating of lignins themselves, it was 

decided to study the effect of catalyst/support on a small number of relevant 

model compounds. The use of model compounds has the advantage that the 

chemistry should be more easily understood. The first model compound studied 

was 4-propylguaiacol so that comparisons could be made with other model 

compound studies (see section II1.4). Another consideration was that 

Bredenberg's work did not cover a sufficiently high temperature range. We 

felt based on HRI's work that it was important to go to at least 400°C. 

In the evaluation of catalysts/supports one of the most important functions to 

examine is the ability of a catalyst to crack the propyl side chains found in 

lignins so that phenols and cresols are the major products. Selectivity for 

formation of mono phenols instead of neutrals (benzenes, cyclohexanes, etc.) is 

another important function that a catalyst should fulfill. Using these 

criteria, a number of catalysts/supports will be screened using model 

compounds and then 1 i gni ns, now that the experimental set-up and analyti cal 

procedures have been developed and checked. 
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IV.2 EXPERIMENTAL 

IV.2.1 Lignin Hydrotreatment Set-Up 

Figure 4.1 shows a schematic of the set-up used to study the hydrotreatment of 

lignin. Lignin hydrotreating was carried out in a small (1 0 m1) reactor 

constructed from high pressure stainless steel (0.5 inch 0.0., wall thickness 

. 0.035 inch) tubing and Swagelok™ fittings with the exception of a VCR fitting 

that was used because it allowad us to make and break the joint many times 

without needing to replace it. The reactor was loaded with two steel taIls 

and connected to a mechanical shaker to improve mixing. The reactor was 

rapidly heated (-1 minute to 350 0 C) by raising a pre-heated fluidized sand 

bath up to cover the bottom half of the reactor. Hydrogen and krypton (5%) 

was supplied from a cylinder and the pressure was regulated by a back pressure 

regulator. For the flow experiments the regulator was set at about 1000 psi, 

readings during experiments varied from 69-74.5 atm (1000-1080 psig). In the 

flow experiments the flow of gas out of the reactor was cont-rolled by a let-
. 

down valve. The gas flow rate out of the. reactor was monitored using a 

rotameter and the gas composition was determined by analyzing the contents of 

a gas sample bottle. There was a problem in reading the rotameter because of 

fluctuations in the flow rate which was generally 35 ml min-1 ; readings of 20 

too 50 ml min-1 were not uncommon. The product vapors were condensed out in a 

cold finger trap (--10 0 C). The trap was made from a Fischer-Porter bottle and 

only stainless steel tubing with Swagelok™ fittings were used in connecting 

it to the let-down valve and to the rotameter to minimize leaks as much as 

possible. The stainless steel line and the let-down valve were heated (250 0 C) 

to maintain the products in the vapor phase. The trap was packed with glass 

wool to help knock-down any aerosols that might have been formed. A 

thermocouple was used to monitor the reactor temperature during the 

experiments. 

In the batch exp~riments the equipment was modified such that the reactor was 

capped at the outlet before the let-down valve. The reactor was pressurized 

(to 69 atm or 1000 psig) at the start of the experiment prior to heating and 
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then the hydrogen shut-off valve was closed. On heating, the pressure was 

allowed to rise unchecked (to about 164 atm or 2400 psig). At the end of the 

batch experiments, the reactor was let-down into a large gas reservoir (2 9.) 

from which gas samples were taken for analysis. 

In all experiments, the reactor was loaded with a 1:2 ratio of lignin (-1.9 g) 

to solvent (-3.8 g). The lignin used was obtained from an organosolv 

(methanol : water = 70 :30 v/v) pulping of aspen wood (4:1 liquid:wood) with 

phosphoric acid (0. 05M) as catalyst at ·165°C for 2.5 hours. The 

characterization of this sample is given by Chum et al. 1985c, d. 1-Methyl­

naphthalene (used as supplied by Aldrich Chemical Co.) was used as the solvent 

although its role was more likely that of a vehicle for the lignin. Most of 

the work was carried out using a Co/Mo catalyst supported on alumina (Harshaw 

Catalyst Co. Co/Mo-0601; 3% CoO, 15% M003 , 230 m2g-1). Some early experiments 

were run using a Ni/Mo catalyst (Ketjen Catalyst Co. 153-1.5E) supported on 

alumina. Both catalysts were ground to a fine powder (>80 mesh) and then 

presulfided in batches (-50 g) with hydrogen sulfide gas (10% in hydrogen) at 

atmospheri c pressure and 400°C for 4 hours. The treated catalysts were then 

stored in a dry box under an inert atmosphere of nitrogen or carbon dioxide. 

After the reactor was loaded with lignin and solvent, the catalyst (0.2-0.3 g) 

was added to the reactor in the dry box. 

After the reactor had cooled at the end of an experiment, the weight loss from 

the reactor was measured· and the reactor was washed of its entire contents 

using tetrahydrofuran (THF) as the solvent. The THF solution was filtered to 

recover the insoluble products and catalyst. Microanalyses for C, H and ash 

content were carried out on selected THF-insoluble residues at Huffman 

Laboratories, Wheat Ridge, Colorado. The filtrate was saved for quantitative 

analysis of the solvent and phenolic products by gas chromatography (GC) and 

high performance liquid chromatography (HPLC). The molecular weight 

distribution of the THF soluble residue was also determined by gel permeation 

chromatography (GPC). In the flow experiments the condensates were washed 

from the cold trap with THF after it had been weighed to determine the total 

weight of material collected. This sample was then quantitatively analyzed 

for the products, including water and solvent that had been flushed from the 

reactor. The washings from the reactor and cold trap were made up to known 
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volumes in volumetric flasks so that they could be analyzed quantitatively. 

The initial choice of sol vent for washing out the cold trap was poor because 

THF obscUred the region where all the neutral products would elute on the gas 

chromatogram. This is probably the reason "that only about 50% of the weight 

of condensates could be accounted for. 

IV. 2. 2 Hodel Compound Hydrotreatment Set-Up 

A continuous differential plug-flow reactor was chosen for the lignin model 

compound studies. It was constructed of 1/2'" 316 stainless steel tubing wi th 

a 0.035" wall thickness and Swagelok™ tube fittings. The catalyst bed was 

supported by a stainless steel fritted disk which itself was supported by the 

1 116" K type thermocouple whi ch entered the reactor through a fitting at the 

bottom. The reactor was suspended vertically in a Lindberg oven. The inlet 

and outlet lines were heat traced and controlled to temperatures in the 150°-

200°C range. The pressure let-down valve was a Whitey SS-22RS-4 and was 

originally installed ahead of the condenser which was constructed from a 3 oz 

Fisher-Porter vessel. Problems with valve plugging lead to designing a high 

pressure condenser which was installed upstream of the let-down valve as shown 

in Fig. 4.2. The high pressure condenser was constructed from a stainless 

steel 150ml Whitey gas sample cylinder, Swagelok™ fittings and copper tubing 

silver soldered to the outside of the cylinder., 

4-Propylguaiacol was used without further purification as supplied by Frinton 

Laboratories. Ini ti ally, the feed mixture was 75 volume % solution of 4-

propylguaiacol in reagent grade hexanes with 0.5 volume % dimethyl sulfide to 

maintain catalyst sulfidation. Research grade (99.99%) hydrogen was used as 

supplied. 

The catalyst used was Mo03/Y-A1203 (42-1500) supplied by Strem Chemicals. The 

Mo03 content was 10-12% and the surface area was 64 m2/g in the form of 3116" 

x 1/8" pellets. The pellets were ground with mortar and pestle, then sieved 

to 20-14 mesh before loading (1.5 g, 1.8 ml) into the reactor. 

The catalyst was sulfided in the reactor by inj ecting 10 volume % of dimethyl 

sulfide in n-heptane at a liquid flow rate of 0.20 ml/min for the first two 

hours. The reactor temperature during this time was 200±4°C and the hydrogen 

flow rate was 14 ml/min at 1 oo~ psig. After two hours the reactor temperature 
~ 
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was raised to 405±3°C and held there for an additional two hours. The 

dimethyl sulfide solution injection rate was decreased to 0.14 ml/min to 

maintain the desired 1:9 H2S:H2 ratio in the reactor throughout the sulfiding 

reaction. 

The feed mixture was injected into the top of the tubular reactor by a 

LDC/Milton Roy SS 396-38 Minipump calibrated at 2.16 ml/h and 5.25 ml/h for 

the first set of experiments. The current system uses an Isco model LC-5000 

high pressure syringe pump for pulse-free, precise metering. 

Experiments were begun by preheating the reactor, inlet and outlet lines. 

When the reactor was at the desired temperature (measured at the bottom of the 

catalyst bed and adj usted to 300°, 350°, 01" 400°C) it was slowly pressurized 

to 70 atm (1000 psig) with hydrogen. The gas and liquid flow rates were 

calibrated (nominally 30 ml/min H2 although problems with plugging due to 

condenser/valve locations mentioned above gave erratic gas flow rates in some 

early experiments) and then the feed solution was injected into the reactor. 

One hour was allowed for the system to reach equilibrium before sampling 

began. Five liquid samples and one gas sample were co"llected over the next 

" hour. If the temperature was readjusted after sampling, another hour was 

allowed for reequilibration before sampling again. 

Air-free gas samples were obtained by evacuating the low pressure section 

between the iet-down valve and the flowmeter" (including the on stream gas 

sample cylinder) with a vacuum pump. The hydrogen and product gases were then 

metered into the cylinder with the let-down valve to about 10-15 psig (1.5-2 

atm). Liquid samples were obtained from the high pressure condenser after 

isolation of the condenser using a three-way ball valve. This system allowed 

gas and liquid sampling without disturbing the reactor equilibrium. 

IV.2.3 High Performance Liquid Chromatography (HPLC) and Gel Permeation 
Chromatography (GPC) Analyses Conditions 

All HPLC and GPC analyses were carried out using a Hewlett-Packard HP1090 

Liquid Chromatograph equipped with a UV-Visible diode-array detector (HP1040). 

Analysis of the products in the condensate and THF-soluble residue was 

performed on an Alltech C18 reverse phase column (10 ~ particle size, 25 cm x 

4.6 mm) using a sol vent program of acetonitrile/water (50/50 v/v held for 3 
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minutes) which was ramped to 100% acetonitrile after 10 minutes (held for 5 

minutes), then ramped to 100% THF after 20 minutes. The flow rate was 1.0 m1 

'min- 1 with an injection volume of 15)J1. These products were also analyzed on 

a Whatman Partisphere (C18 reverse phase column, 5 )J particle size, 12.5 cm x 

11.6 mm) using a solvent program of acetonitri1~/water (50/50 v/v) which was 

ramped to 60/40 after 5 minutes and then 1 00% acetonitrile after 10 minutes 

(held for 5 minutes) before finally ramping to 100% THF after 20 minutes. 

With this column a flow rate of 0.75 m1 min-1 was used and the injection 

volume was 5 )Jl. 

The products from the hydrotreating of 4-propylguaiacol were analyzed in a 

similar manner but with a Polymer Laboratories PLRP-S reverse phase column (5 

)J parti cle size, 100 A pore size, 25 cm x 4.6 mm) using a sol vent program of 

acetonitrile/water (50/50 v/v) ramped to 70/30 after 15 minutes and then 100% 

acetonitrile after 25 minutes. The flow rate used was 0.75 ml min- 1 with an 

injection volume of 5 )JI. 

All the gel permeation chromatography was carried out using a Polymer 

Laboratories PL-=Gel 50A pore size (5)J particle size 30 em x 7.5 mm). The 

column material is polystyrene-divinylbenzene copolymer.. Analyses were 

carried out isocratically using THF as sol vent at a flow r'ate of 1.0 ml min-1 

with injection volumes of 10 )Jl. 

IV.2.l& . Gas Chromatography (Ge) and Ge/Hass Spectrometry (Ge/HS) Analysis 
Condi ti ons" 

Water' Determination 

Samples: 

Condensate samples wer'e prepared by adding 0.50 ml of inter'nal 

standar'd solution to 0.50 ml of neat sample (with Class A 

volumetr'ic glasswar'e). The internal standard solution contained 

absolute methanol as the internal standar'd in acetonitrile. 

Calibr'ation and Analysis: 

The aver'age r'esponse factor' for the water' was 0.96 (six 

deter'minations) with an aver'age standar'd deviation of 3%. The 

calculated amounts of water' in the sample wer'e cOr'r'ected for' the 

amount of water' in the inter'nal standar'd. 

Chromatographic ProcedUl"e: 
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The separation was performed on a glass column 6' x 0.2 mm ID 

packed with Porapak QS. The column, injector and thermal 

conductivity detector temperatures were 110°C, 240°C, and 260°C, 

respectively. At 3 minutes the column temperature was increased 

rapidly to elute solvent. High .pUl"'ity helium was used as a 

carrier at a flow of 20 mt/min. 

Gas samples were analyzed on a Carle Model .111 H gas chromatograph equipped 

with two thermal conductivity detectors, one for H2 and the other for light 

hydrocarbons. After sample inj ection, hydrogen was separated by a Pd 

diffusion tube at 6CaoC and then a 5' x 1/8" Porapak Q( 80/100) column using N2 

as the carrier gas. The remaining gases were separated on a seri es of three 

col umns: 1) 6' x 1/8" Molecular Sieves, 2) 2.5' x 1/8" Squalane, and 3) 12' x 

1/8" n-octane Poraci! C using He as the carrier gas. The columns are accessed 

sequentially by automatic valves which are controlled by a Hewlett 'Packard 

3388A Integrator. This system can handle more complex analyses than those 

reported here. 

Hydrocarbon and Poenol .Determinat~on for 4-propylguaiacol and' Lignin 

Hydrotreating Experiments 

Identification: 

The components of the products from the lignin hydrotreating and 

4-propylguaiacol experiments were identified on the Hewlett 

Packard Model 5985 GC-MS. Each identification, was checked by 

search and comparison of computer library spectra and by 

comparison of spectra generated from chromatograms of known 

standards. Some of the standard compounds identified have not 

yet been obtained. In preliminary runs, columns of different 

polarities were used to separate the complex mixture of 

hydrocarbons and phenols in the 4-propylguaiacol condensates and 

phenols and naphthalenes in the lignin hydrotreating solutions. 

The use of different columns was also necessary to optimize the 

method for identification of isomers and trace amounts of other 

components. The column used for quantitation of 4-propyl 

guaiacol condensates gave good separations in a minimum run time 
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but did net separate s.ome phen.ol is.omers and hydr.ocarb.ons (i.e. 

methyl propyl phenols , methylpr.opylbenzenes, cres.ols, etc.) and 

hydr.ocarbons as well as separati.ons .obtained on a mere polar 

c.olumn (e.g., SP1000, Carb.owax 20 M). 

Chr.omat.ographic Pr.ocedure (Lignin Hydr.otreating Experiment): 

A 30 m x 0.32 mID ID DB5 fused silica capillary c.olumn, 0.25 mm 

film, was held fer 14 minutes at 140°C and then pr.ogrammed at 

5°/minute t.o 300°C. Helium, carrier flew was 20 ml/min. The 

sample am.ount was 1.0 ~~ and the injecti.on was splitless. 

Chr.omat.ographic Pr.ocedure (14-r~opylguaiac.o1 Experiments): 

The chromat.ographic c.olumn used for this quanti tati.on was a 

Supelco SPB5 wide bore capillary c.olumn, 30 m x 0.75 mm ID, 1 ~m 

film. The c.olumn temperature was pr.ogrammed starting fr.om 40°C, 

held 2 minutes then increased by 3°/min to 280°C. The inject.or 

and flame i.onizati.on detect.or temperatures were 220°C and 280°C, 

respectively. The linear vel.ocity was 26 cm/sec. Helium carrier 

was used at 12 m~/min. 

Identifi~ati.on and Quanti tati.on: . 

The comp.onents were verified again by retenti.on time using 

standards made .of single c.omp.ounds. Then a standard c.omp.osed .of 

all possible comp.ounds was used fer calibrati.on. The fact.ors 

obtained fer s-butylbenzene and s-butylphen.ol were used fer the 

methylpr.opylbenzenes and the methylpr.opylphen.ols respectively 

since we have net yet prepared the methylpr.opyl c.omp.ounds.· The 

analysis was performed by the external standard meth.od .on the 

Varian 3700 gas chr.omat.ograph with automatic sampler. At least 

three runs ( -145 min) of each sample were performed. The results 

given are ±15% for c.omp.ounds with pr.oper calibrati.on standards 

and ± 25% fer the methylpr.opyl derivatives. 

Examples of the chr.omat.o~aphic pr.ocedures employed are given in Figs. 4-3 and 

14-4. 
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Figure 4-3. Condensate #16 tram Lignin Hydrotreating Experiment 
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IV.3 RESULTS AND DISCUSSION 

IV.3.1 Lignin Hydrotreating Experiments 

Al though the reported results are preliminary, some inferences can be drawn 

from the results already obtained, particularly with regard to the amounts of 

TEF-insoluble residue formed and whether the hydrotreatment should be carried 

out in a batch reactor or with continuous removal of products. 

In all experiments a certain amount of TEF-insoluble residue was obtained in 

the form of a black, free-flowing powder. In the batch experiments the yield 

of this residue increased with the severity of the hydrotreating conditions 

(Figure !to 5). In experiments at about 405°C more TEF-insoluble residue was 

produced the longer the experiments were allowed to run. At 450°C about 40% 

of the lignin charged was converted to TEF-insoluble residue in only 5 

minutes. There was also less of this residue produced when the Co/Mo catalyst 

was used although the catalyst had much less effect at the higher temperature. 

From Table 4-1 the effect of the reactor configuration on the yield of the 

TEF-insoluble residue 'can be ascertained. When no catalyst was used, about 

50% of the lignin charged was converted to THF-insoluble residue, using either 

configuration (60 minute experiments). However, when a catalyst was used, 

about half the amount of this residue was obtained when products were 

continuously swept from the reactor compared to the residue formed in batch 

experiments. With the reactor in the flow configuration, the Co/Mo catalyst 

produced lessTHF-insoluble residue than the Ni/Mo catalyst. With continuous 

removal of products from the reactor the possibility of recondensation of the 

phenols with the remaining lignin is minimized. With a catalyst present less 

THF-insoluble residue was produced because the reactive intermediate products 

from the hydrogenolysis of the lignin were quenched more quickly, also 

limiting their ability to recondense with the lignin. 

The nature of these TEF-insoluble residues has not yet been fully determined 

al though from elemental analyses of selected examples (Table 4-1) they do 

appear char like. At 400°C, about 31% char is formed in biomass carbonization 

experiments; this char has 82.7% carbon, 3.8% hydrogen, and 13.5% oxygen 

(Soltes and Elder 1981). The elemental analyses of most of the THF-insoluble 

residues compare well with the char elemental analyses of Table 4-1. There is 
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Table 11-1. ComparIson of THF-insoluble residue yields from lignin hydroprocesslng experiments. 

Combined 
i' THF insoluble residue Phenols Yield· Elemental Analysis (%) 

TOC Duration (min) Catalyst (wt% of lignin charged) (wt% of lignin charged) C H 0 

Batch Experiments 

lJOlJ 5 11 <1 
399 5 Co/Mo 0.5 <1 
lJ06 20 36 <1 79.92 3.77 16.31 
lJ10 20 Co/Mo 29 <1 64.96 3.64 31.40 
lJ07 60 49 1.9 83.17 4.01 12.82 
lJOlJ 60 Co/Mo 30 2.2 83.76 lJ.03 12.21 
453 5 lJ1 <1 

f-I lJ51 5 Co/Mo 39 <1 w w 

Flow Experiments 

lJ18 60 lJ8 3.5 81 .78 3.85 14.37 
1106 60 Co/Mo 10 8.2 
428 60 Co/Mo llJ 10.0 68.77 3.83 27.lJO 
lJ15 60 Co/Mo 19 7.6 
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as yet no explanation of the two examples with much lower carbon contents. 

Although the combined yield of phenols was low in all the experiments (Table 

4-1), they demonstrate the differences in performing batch or flow experiments 

and with or without a catalyst. From the batch experiments, only those run 

for 60 minutes gave combined phenols yield greater than 1%. After 60 minutes, 

combined phenol yields of about 2% were obtained in the batch reactor. In the 

flow reactor up to 10% of the lignin charged was converted into monophenolic 

products with an added catalyst and only 3.5% without the catalyst. 

Considering the lowest THF-insoluble residue yield and highest combined 

phenols yield, the use of the Co/Mo catalyst in the reactor configUl"'ed to 

allow the products to be flushed out gave the best results. 

The reason for the low overall yields of phenols is not clear at this time. 

It is possible, despite the fact that the trap was packed with glass wool that 

some of the phenolic products escaped as aerosols which can be very difficult 

to knock down. Agitation may have been another factor. The main phenolic 

products were phenol (-30%) and cresols (-40%). The cresols could only be 

separated into two peaks, one for the o:isomer and the other for the p- and m­

isomers combined. Xylenols, ethylphenols and propylphenols wer.e also formed 

in small amounts. 

Apart from some products formed· from the sol vent 1-methylnaphthalene, the only 

other product seen was toluene (-0.3% yield of lignin charged). There were 

undoubtedly other hydrocarbons (e.g. cyclohexanes) formed, unfortunately the 

solvent chosen to wash out the trap prevented their analysis by Ge. There was 

a problem in accounting for the mass of the condensate collected (total 1-2 g) 

from the flow experiments which indicates the yield of these hydrocarbons may 

have been high. After quantifying for the phenols, naphthalenes and water 

only 45-70% of the weight of condensate was accounted for. 

In both batch and flow experiments naphthalene (-6% yield of 1-methyl­

naphthalene charged) and dimethylnaphthalene (-8% yield of 1-methyl­

naphthalene charged) were formed by demethylation and methylation of the 

solvent, respectively. In the flow experiments, there was also a larger 

amount of l-methylnaphthalene (-15%) than expected, flushed from the 

reactor. Although the.solvent was not as inert or as high boiling as had been 
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expected, it did appear to give the reaction mixture the desired fluidity, and 

the recovery of combined naphthalenes was about 90%. 

In the flow experiments, there was always a deficit between the weight lost by 

the reactor and the weight of condensate collected in the trap of 0.27 to 0.54 

g. Most of this can be accounted for by the -amount of gas produced. The 

.~ exact amount of gas produced could not be determined accurately for each 

experiment due to the fluctuations in the gas flow rate out of the reactor. 

From the gas analyses and using the average-gas flow rate (-35 ml min-1), 

about 0.35 g of the material charged to the reactor was converted to gases. 

The major components were carbon dioxide and methane with smaller amounts of 

butanes, propane, propene, ethane and carbon monoxide being formed. In the 

batch experiments a similar gas product slate was produced and, comparing 

experiments run under the same conditions (temperature, pressure, catalyst and 

run time), about twice as much gas was produced. 

Very interesting results were obtained by comparing the gel permeation 

chromatograms of the THF-soluble fraction both from batch and continuous 

experiments. Figure 4-6 shows the GPC of three THF-soluble residues obtained 

in the batch reactor by hydrotreating the lignin at about 405°C in the 

presence of Co/Mo catalyst for varying lengths of time, and compares them with 

the untreated lignin. The sharp peak at about 5 minutes retention time is 

because part of the material is larger than the exclusion limit of the column 

(-2000 apparent molecular weight). The reason for choosing a column with such 

a small pore diameter (-50 A) was to obtain maximtnn resolution in the low 

molecular weight region of the expected products. As can be seen, there is a 

large change in the molecular weight distribution of the lignin after only 5 

minutes to a polymer of apparent average molecular weight of about 600 (about 

trimer size). A smaller decrease takes place over the next hour as can be 

seen from the GPC of the THF- soluble residues obtained after 20 and 60 

minutes. This is in agreement with the work of Gendler et al. (1983) who 

notes that for the hydrogenolysis of kraft lignin there was a fast initial 

thermal reaction that depolymerized the lignin to trimers to pentamers before 

the catalytic reaction producing monophenols took place. Further agree~ent 

with this can be seen in Figure 4-7 which compares the GPC of the THF-soluble 
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residues obtained in the batch reactor after 60 minutes at 405°C with and 

without catalysts. The use of ColMo catalyst appears to have had very little 

or no effect on the lignin depolymerization. At higher temperatures lignin 

depolymerization took place to a much greater extent in 5 minutes producing a 

THF-soluble residue with apparent molecular wei.~ht of about 450 (about dimer 

size) (Figure 4-8).' At the same time it should be remembered that a much 

greater yield of THF-insolublere:§idue was produced at the higher 

temperature. There was also about twice as much gas produced at the higher 

temperature, about 0.85 g at 450°C compared to about 0.4 g at 405°C. As would 

be expected at the higher temperature all the reactions, depolymerization, 

gasification and char formation, take place more rapidly. Similar molecular 

weight distributions were obtained for the THF-soluble residues and after 60 

minutes at 405°C. The. gas yields were also similar after 5 minutes at 450°C 

and 60 minutes at 405°C. 

The molecular weight distributions of the' THF-soluble residues obtained from 

the flow reactor are shown in Figure 4-9. Comparison between the residues 

obtained with and without catalyst are more difficult to make here because of 

the 10°C difference in reactor temperature. However, the residue produced 

wi th the catalyst contained the largest relative amount of low molecular 

weight (>300) components and the least amount of high molecular weight «1000) 

components compared to all other experiments. The fraction of the THF-soluble 

residue that was insoluble in 'hexane was also examined for 2 samples. Lignins 

have virtually no solubility in hexane so the fraction insoluble in hexane 

might be considered as the more lignin-like fraction of the THF-soluble 

residue. The hexane-insoluble fraction was obtained by first evaporating the 

THF from the THF-soluble residue and then adding hexane to the resul ting dark 

brown liquid. After filtration and drying a brown powder was obtained as the 

hexane-insoluble fraction. When this procedure was applied to the THF soluble 

residue obtained from a batch reactor experiment carried out at 405°C for 5 

minutes without catalyst, a yield of hexane-insoluble a fraction equal to 58% 

of the weight of lignin charged, was obtained. A yield of only 20% of hexane­

insoluble fraction was obtained from the THF-soluble residue of a flow reactor 

experiment carried out at 405°C for 60 minutes with ColMo catalyst. Obviously 

more lignin depolymerization took place in the flow reactor experiment. 
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Figure 4-10 compares the molecular weight distributions of the hexane-soluble 

and hexane-insoluble fractions with the TEF-soluble residue obtained from the 

flow reactor experiment. As expected the higher molecular weights are 

contained in the insoluble fraction. 

In conclusion, these results, although prelimi·nary, indicate that the best 

yields of monophenols will be obtained using a reactor configured to allow 

their removal from the reactor as they are formed. The use of a catalyst also 

appears important although more work remains to be done to find the best 

catalyst. 

IV.3.2 4-Propy1guaiaco1 Results and Discussion 

The reactions of 4-propylguaiacol were studied over the limited range of 

conditions listed in Table 4-2. The results are preliminary but qualitatively 

reflect the results of Bredenberg and Vuori (1984) with a few exceptions. 

Direct comparison is difficult because they used lower temperatures 200-325°C 

and lower space velocities (LHSV-0.25h-1). Additionally we chose to use a 

sulfided Mo on Y-At203 catalyst with the hope of inhibiting complete 

deoxygenation to hydrocarbons whereas Bredenberg used sulfided Co/Mo on 

Y-At203 which is beli"eved to be more reacti ve for hydrodeoxygenation. 

Effect of reaction temperature. 

In accordance with Bredenberg's results, increasing temperatures increased the 

selecti vi ty of the reactions to hydrocarbons. At the space velocities studied 

conversion is essentially complete at 350°C. The maximum selecti vity for the 

combined hydrocarbons propylcyclohexane, propylbenzene and methylpropyl 

benzenes was -40% from 350°-400°C and LHSV = 1.4 h-1• The maximum selectivity 

for 4-propylphenol was 31.7% at 350°C and LHSV = 2.7 h-1 (see Table 4-3 and 

Fig. 4-11). 

Effect of hydrogen pressure. 

Decreasing the pressure from (1000 to 500 psig) 69 to 35 atm of H2 did not 

significantly effect conversion but did effect the selectivities of the major 

products. For example, 4-propylphenol selectivity increased by 89%, 

propylbenzene selectivity increased by 14%, propylcyclohexane selectivity 

decreased by 20% and the methyl propyl benzenes increased by 25% (see Table 4-3 

and Fig. 4-11). The large changes in selecti vi ties are quite contrary to what 

141 



I' ... 

. APPARENT· 
rtlLECULAR V!E I GI-IT 

~ § ~ 

, .. 
I , , \ , \ , \ , , , , . , ,. , ~ " :\ 

I : " , \ , . \ , . \ " "\ I :' , .' , ., , ., 
, : l . . , , , , , , , , , 

0···. . . . .... -.-0 

, , 

... 
. . 
· · · · · · · · · · 

, .~ , ~ , \. , . , . 
~\ ' \ ~ 
I, ' '\ .". I .,' • " .• 

: . "',. .... ... I _ : . \'K··· I.: \ a. 
I. ', •• ~ •• 

:. " 
I. '" . 

-.1 ~ .. 
I ... _ ...... 

, , , iii i , I ' , ii, 

Figure 4-10. Comparison or molecular weight distributions or hexane-soluble 
( ••••• ) and hexane-insoluble (- - - - -) wi~h the THF-soluble residue 
( ) from which they were produced. (Flow reactor at 405°C with ColMo 
catalyst)., 

142 



Table 4-2. Reaction Parameters 

Experiment LHSV Temp °C P(psig) 

HD02 1.4 350 1000 

HD03 1.4 300 1000 

HD04 1.4 400 1000 

HD05 1.4 400 500 

HD06 2.7 350 1000 

HD07 2.7 400 1000 

LHSV = ml Feed/ml Catalyst • h 

:able 4-3. Converson of 4-propylguaiacol into phenolics and neutrals as a function of 
~emperature at 1000 psig of hydrogen on Ho on Y-alumina. 

Methyl- Methyl-
Propyl- Propyl- propyl- 4-Propyl- propyl-
cyclohexane . benzene benzene phenol Phenol phenol 

Conver-
sion Select. Select. Select. Select. Select. Select. 

TOC % % % % % % % 

[DO 2 414a 350 99.7 14.2 18.2 9.0 20.5 2.7 2.4 

[DO 3 414 a 300 82.1 1.2 0.7 0.3 23.6 0.7 2.7 

[DO 4 414a 400 98.4 15.2 16.1 8.7 14.3 2.9 2.1 

[00 5 414a, b 400 99.3 12.1 18.4 10.9 27.0 . 3.4 4.0 

[DO 6 413c 350 99.6 2.2 2.8 0.8 32.7 0.6 

[DO 7 414 c 400 99.4 5.6 0.9 4.2 26.6 1.4 3.6 

.) LHSV = 1.4 ml Feed/ml Cataly'st .h 

) 500 psig of hydrogen 

:) LHSV = 2.7 ml Feed/ml Catalyst .h 
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Fig. 4-11. Hydrodeoxygenation of 4-propylguaiacol. Selectivity (%) for 4-
propylphenol (!), for propylbenzene ( 0 ), and for propylayclohexane (0) as a 
function of temperature. Selectivity(J) = mmole desired product/ mmole 4-
propylguaiacol x 100. LHSV. = 1.4 ml feed/ ml catalysts h. 
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Bredenberg and Vuori found using sulfided ColMo on Y-U'203 at 275°C, LHSV = 
0.25 h-1 , and varying hydrogen pressure from 25.5 to 99.6 atm (360-1450 

psig). They found only slight increases in hydrogenation at higher pressures. 

Effect of space velocity. 

Increasing space velocity within the limits of these experiments dramatically 

improved the yields of phenolics. This is to be expected as the removal of 

the second hydroxyl group is much more difficult than the first (Bredenberg et 

al. 1982). As mentioned earlier, the highest yield of 4-propylphenol was 

achieved at 350°C and a LHSV = 2.7 h-'. The improvement was 60% over the 

experiment at LHSV = 1.4 h-1• There is an interesting crossover of 

selecti vi ties for propylcyclohexane and propylbenzene that occurs at 355°C 

(see Fig. 4-11) and at the higher space velocity. There appears to be a 

Similar crossover using the lower space velocity but not until about 410°C. 

This behavior suggests that there are two independent reaction paths to 

propylcyclohexane as has been postulated by Klein and Hurff. One path is the 

hydrogenation of the intermediate 4-propylphenol to 4-propylcyclohexanol 

followed by dehydration to propylcyclohexene then hydrogenat'ion to propyl­

cyclohexane. The second path is the ~irect hydrogenation of the intermediate 

propyl benzene to propylcyclohexane (see Fig. 3-11'). The latter reaction route 

appears to be favored at higher temperatures and higher space velocities. 

Gaseous Products. 

The only major product of the decomposition of 4-propylguaiacol found in the 

gas stream was methane. This is in agreement with the liquid product analysis 

which shows that very little phenol is formed (see Table 4- 3). Quanti tation 

was not possible in these early experiments because of air contamination in 

the gas samples. This problem has been corrected in the new system. 

Conclusions and Forecast. 

The major phenolic product from these studies was 4-propylphenol. The neutral 

products formed also contained propyl-side chains indicating that very little 

dealkylation was o·ccurring.· This is not surprising as the support Y-A1203 is 

not very acidic. 

In contrast to Bredenberg's work, all three experimental parameters i.e., 

temperature, pressure, and space velocity influenced selectivities of the 

145 



DRAFT 

products. Our preliminary results suggest that 350 o C, an LHSV. = 2.7 h-1 and a 

lower hydrogen pressure -500 psig will be close to optimum condi tions for the 

formation of 4-propylphenoL 

The preferred products from lignin for deri vatization to methyl ethers as 

gasoline blending stocks are the phenols, cresols and xylenols. To accomplish 

these conversions requires a more acidic catalyst e.g. Si02 0r A~203/Si02' to 

crack the propyl-side chains. Experiments are now in progress to increase 

systemati cally the acidity of the catalyst .and measure its effect on the 

selecti vi ties for phenols and cresols. Addi tionally a different model 

compound, one with ~- or a-· and ~-hydroxyl groups would be investigated 

. because we believe they are more representati ve of the structures in lignin or 

thermally depolymerized lignin. Future studies will concentrate on both of 

these aspects. In addition, we will use the continuous differential plug flow 

reactor to investigate dilute solutions of lignins in solvents. 

We have chos.en to operate at higher temperatures than other workers in the 

field because we believe that temperatures in the range of 350-450 o C will be 

necessary to achieve a high degree of thermal depolymerization of lignin. 

This step is crucial and prerequfsite to catal:rtic hydrodeoxygenation. 
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